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Abstract
A fluid structure instability phenomenon frequently occurs in the subcritical Reynolds regimes
multiphase flow system, and rain–wind-induced vibration(RWIV) is taken as an example in
civil engineering to characterize the aeroelastic instability caused by fluid-structure inter-
actions. RWIV is hypothesized to be a new type of vibration; regularly accompanied by
two significant phenomena: the circumferentially vibrating upper rivulet and the Von Kar-
man vortex shedding frequency shift to a much lower value compared with the convectional
evaluation; and customarily observed from the stay cables of cable–stayed bridge. Due to
the complicated interactions mechanisms in the liquid-gas-solid system, the mechanism of
RWIV has not been thoroughly solved and recognized by the previous researchers. Most
have focused on the research topic from the field observation, the analytical dynamic model,
and the wind tunnel experiment aspects, but rarely on numerical investigation aspect. To de-
velop a systematic numerical framework, including the separated model, the semi-coupled
model, the coupled model, and the multiphase multi-scale model (MMM) distinguished by
different ways to simulate the rain effects when RWIV occurs, to establish highly accurate
and precise numerical model for RWIV, and to recognize and clarify the mechanism of
RWIV, various numerical investigations have been made in this thesis.
To simulate the rain effects as an artificial rivulet (fixed/moving solid attaching/oscillating
along the circumference of stay cable) when RWIV occurs, the separated method is im-
plemented based on the incompressible Navier-Stokes equations in combination with the
monotone integrated large eddy simulation (MILES) to evaluate the sub-grid stress terms.
The effects of various artificial rivulet positions along the circumference of stay cable on the
vortex shedding structure behind the cable, pressure distribution around the cable, and the
aerodynamic force of the cable are analyzed. However, investigations indicate the positions
of artificial rivulet along the circumference of cable extremely weakly affect Von Karman
vortex shedding frequency near the wake of the cable.
To capture the dynamic rainwater morphology evolution, the semi-coupled model sim-
plifies the incompressible Navier-Stokes equations with the lubrication theory on the as-
sumption that a thin water film surrounding around the cable. The investigations indicate
the rainwater gathers at the locations near the separation points, and forms two symmetrical
viii
rivulets along the circumference of cable. However, both the circumferentially vibrating
upper rivulet and the frequency shift phenomena accompanying RWIV can not be solved
and explained detailedly and clearly.
To improve the semi-coupled model on tracking the rainwater morphology evolution,
volume-of-fluid(VOF) method combined with incompressible Navier-Stokes equations is
employed in the coupled model. Both the high-nonlinear rainwater rivulets evolution along
the circumference of cable and the aerodynamic characteristics of stay cable can be obtained
and analyzed. The results indicate rainwater rivulet are formed near the separation points
along the circumference of cable; the negative pressure zone along the circumference of
cable provides a prerequisite for the formation of upper rivulet. However, the computational
efficiency is reduced due to the smaller droplets scatter in the surrounding air, furthermore,
the assumptions, surrounding the stay cable with the constant volume of rainwater, can
not reflect the real physical conditions (i.e., rain infall process) and can not obtain the real
aerodynamic force from physical aspect.
Multiphase multi-scale model(MMM) employs the Direct Numerical Simulation (DNS)
near the cable surface, where the rain droplets are treated as a fully resolved phase using
the Volume-of-Fluid (VOF) method to capture the liquid–gas interface, in combination with
Large Eddy Simulation (LES) adjacent to DNS zone far from the cable surface, where rain
droplets are considered as Lagrangian Point Particles (LPP), and the effects of the dispersed
phase on the continuous phase is captured imposing a source term in the momentum equa-
tion. Additionally, a proposed numerical rain model has been incorporated into MMM, to
approximate the natural rain from physical aspect and to reduce the computational resource
from numerical aspect. The rainwater morphology evolution along the circumference of
cable can be categorized into four patterns over the analysis of the entire evolution process:
collision–splashing, accumulation–slipping, formation–breaking, and dynamic equilibrium.
The circumferentially vibrating upper rivulet and Von Karman vortex shedding frequency
shift phenomena during the dynamic equilibrium state have been validated and clarified.
The investigations indicate the circumferentially vibrating upper rivulet mainly character-
ized by the wind inflow velocity brings about Von Karman vortex shedding frequency shift
phenomenon.
Keywords: Rain–wind-induced vibration (RWIV), computational fluid dynamics (CFD),
multiphase and multi-scale model (MMM), numerical rain model (NRM), Von Karman vor-
tex shedding frequency shift phenomenon
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Chapter 1
Introduction
1.1 Background and motivations
Cable-stayed bridge has one or more towers, from which cables supported the bridge deck,
and is widely used throughout the world due to its structural efficiency, economical benefit,
and aesthetic look. Cable-stayed bridges date back to 1595, where designs were found in
Machinae Novae, a book by Venetian inventor Fausto Veranzio. Many early suspension
bridges were cable-stayed construction, including the 1817 footbridge Dryburgh Abbey
Bridge, James Dredge’s patented Victoria Bridge, Bath (1836), the later Albert Bridge
(1872) and Brooklyn Bridge (1883). In the twentieth century, the steel-decked Strömsund
Bridge designed by Franz Dischinger(1955) was more often cited as the first modern cable-
stayed bridge. Early bridges from this period used very few stay cables, as in the Theodor
Heuss Bridge(1958). However, in view of the substantial erection costs, more modern struc-
tures tend to use many more cables to ensure greater economy.
Wide application of cable-stayed bridge system has been realized particularly with the
introduction of high-strength steels, development of welding and erection techniques, and
progress in structural analysis. The list ranks the world’s cable-stayed bridge by the length
of main span(Fig. 1.1). The Sutong Yangtze River Bridge strides over the Yangtze River
in China between Nantong and Suzhou with a span of 1,088 meters (3,570 ft) and the total
bridge length 8,206 meters (26,923 ft). The Pont de Normandie is a cable-stayed road
bridge that stands over the river Seine linking Le Havre to Honfleur in Normandy, northern
France, with total length 2,143.21 meters (7,032 ft) and main span length of 856 meters
(2,808 ft). The Edong Yangtze River Bridge, a cable-stayed bridge across the Yangtze River
in Hubei Province in eastern China, connects Huangshi and Xishui County with a main
span of 926 m(3,038 ft). The Tatara Bridge is also a cable-stayed bridge, as part of the
Nishiseto Expressway, commonly known as the Shimanami Kaido¯. The bridge has a center
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span of 890 meters (2,920 ft). The Russky Bridge is a cable-stayed bridge, built across the
Eastern Bosphorus strait, which is the world’s longest cable-stayed bridge with a 1104 m
long central span and total bridge length of 1885.53 m. Stonecutters Bridge is a high level
cable-stayed bridge which strides across the Rambler Channel in Hong Kong, connecting
Nam Wan Kok, Tsing Yi island and Stonecutters Island with a main span of 1,018 m (3,340
ft).
Fig. 1.1 The list ranks the world’s cable-stayed bridges by the length of main span; Sutong
Bridge (China), Pont de Normandie (France), E’dong Bridge (China), Tatara Bridge (Japan),
Russky Bridge (Russia), and Stonecutters Bridge(China) from left to right and from top to
bottom.
Rain–wind-induced vibration(RWIV) of stay cable is hypothesized to be a new type of
instability phenomenon, which often occurs by the combined influences of rain and wind,
may cause fatigue damage and corrosion to cable, and affect the safety of the entire bridge
eventually. First observation of RWIV phenomenon was made in the Koehlbrand Bridge
in Hamberg in 1974, where very large amplitudes of the cables were observed in rainy and
windy whether conditions. The rain–wind-induced vibration of stay cable was also observed
in the Brotonne Bridge in France[153], which occurred under rain and wind conditions and
also reported by Hardy et al.(1975,1980)[57, 56]. During the construction period of the
Meikonishi Bridge in Japan, Hikami and Shiraishi(1988)[58] also observed that the cables
manifestly stable with respect to wind conditions, became unstable with the rain combined
the wind conditions. Yoshimura(1992) also reported that the cable vibration during the
construction of the Aratsu Bridge in Japan was always accompanied with light rain and was
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in the most cases limited to the cables, which geometrically declined in the direction of the
wind[164]. Shortly after completion of the Erasmus Bridge in Rotterdam, the main span
cables suffered aerodynamic instabilities with large amplitudes, which were recognised as
rain–wind-induced vibrations [45, 44]. More recently, Main and Jones(2000,2001) observed
the cable instabilities of Fred Hartman Bridge in Houston, USA [78, 77]. Additionally,
RWIV phenomena were also observed in the cable-stayed bridges system, i.e., the Faro
Bridge in Denmark, the Tenpohzan Bridge in Japan, and the Donating Lake Bridge and the
Yangpu Bridge in China.
To investigate the mechanisms of RWIV, field observations were carried out by previous
researchers [58, 78, 77, 179, 180, 84, 93, 180], however, there are still some drawbacks for
field measurements in full-scale bridge: possibility of randomness and uncertainty influenc-
ing on the measurement results, high costs investment, high risk possibility, limitation of the
site, and long term observation; difficultly to capture and control the physical parameters,
i.e., rain intensity, wind velocity, yaw angle, inclined angle, the natural frequency of the
cables, and the damper of the stay cables; and the measure instruments limitation to obtain
the rivulets’ positions, geometry, thickness, and the motion state of the rivulets.
A series of wind tunnel experiments of stay cables segment with artificial rivulets or
rain condition simulated have been performed to reproduce rain–wind-induced vibration of
stay cable in model tests[58, 83, 147, 42, 51, 70]. The concluding remarks, both from the
artificial rainfall wind tunnel experiments and artificial rivulets wind tunnel experiments in-
dicated that, the oscillation upper rivulets locked-in with the stay cables are mainly caused
by RWIV phenomena and RWIV was identical to a self-excited, amplitude-restricted and
velocity-restricted vibration; the formation, development, and evolution of the upper rivulets
affected significantly and considerably RWIV phenomena; the vortex shedding frequency
around the rivulets near the separation line approached to the nature of the circumferentially
oscillating rivulets and this would caused RWIV phenomena, RWIV was defined as rivulet-
vortex-induced vibration. The wind tunnel experiments were effective and powerful way
to investigate the mechanism of RWIV phenomena. However, there are some drawbacks
for wind tunnel tests, i.e., the boundary conditions were different between the wind tunnel
experiments and the field observation results, blocking effects existed in wind tunnel exper-
iments due to the limitations of the wind tunnel; Reynolds number effects existed in wind
tunnel experiments due to the rescaling model; the supporting conditions affected the flow
structure near the cable section model.
Compared with field observations and wind tunnel experiments, theoretical analysis to-
wards the prediction of rain–wind-induced vibration have been implemented[163, 44, 160,
149, 154, 145, 144, 118, 101, 93, 52, 158, 74]. Although these models tried to clarify the
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mechanism of RWIV phenomena in different ways, such models fail to provide enough de-
tailed information to describe the rainwater morphology, i.e., the thickness, positions and
geometry of the rivulets in different time points, and aerodynamic characteristics of the stay
cable, either obtained by wind tunnel tests or obtained by the quasi-steady theory, during
the analysis process of RWIV phenomena. Furthermore, there is none standard model so far
accepted by researchers.
With the development of computer hardware and Computational Fluid Dynamics (CFD)
method increasingly, the applications of the technique of numerical simulation for rain–
wind-induced vibration have been adopted widely [114, 72, 71, 159, 69, 68, 67, 113, 136,
14, 16, 13, 135, 134]. Some of these numerical models can capture the liquid-gas interface,
and some of these numerical investigations can obtain the aerodynamic force. However,
rain infall intensity was ignored. Further investigation should go forward to clarify the
mechanism of RWIV phenomena.
The mechanisms of rain–wind-induced vibration of stay cable have not been fully un-
derstood, which were attributed to that the cable-stayed bridges are a very complicated
solid-gas-liquid interface coupling phenomena, and the field observations, theoretical model,
wind tunnel experiments, and the previous numerical models may not be realistic to clarify
the mechanisms of RWIV due to their own drawbacks. Furthermore, the phenomena of
RWIV can not be studied in detail yet. There are lack of reliable, powerful numerical mod-
els, which greatly hamper research on rain–wind-induced vibrations of stay cables.
1.2 Research objectives
This thesis thus aims to develop a systematic numerical framework, supported by field ob-
servations, wind tunnel experiments, and the previous numerical models, to explore the
mechanisms of rain–wind-induced vibrations of stay cables with following five main objec-
tives:
Firstly, to investigate the position of artificial rivulet effects on the vortex shedding struc-
ture, pressure distribution around the cylinder surface, and the lift force dominant frequency,
the separated method is implemented based on the assumptions that the rivulets regarded as
a fixed solid surface attach on the cable, corresponding to the artificial rivulets wind tunnel
tests.
Secondly, to capture the rainwater morphology evolution process along the circumfer-
ence of cylinder surface, the semi-coupled method is adopted based on simplified Navier-
Stokes equations with the lubrication theory.
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Thirdly, to consider the turbulent effects, multiphase interface coupling effects, and the
high nonlinear and complicated interface during the rainwater morphology evolution pro-
cess along the circumference of cylinder surface, the coupled method is extended based on
the VOF method.
Finally, to perfect the physical boundary conditions to keep the rainwater volume of
surrounding the cable surface constant, to avoid the small rain droplets scattered in the air
needs tremendous computational resources in coupled method from the numerical aspects,
to develop high accuracy numerical models for RWIV, and to clarify the mechanisms of
RWIV, a multiphase multiscale model (MMM) based numerical simulations for stay cable
is established.
1.3 Assumptions and limitations
Rain–wind-induced vibration of stay cable is a complicated solid-gas-liquid interface cou-
pling phenomenon. The numerical models developed in the thesis are based on the following
assumptions and limitations.
Firstly, the separated method is implemented based on the assumptions that the rivulets
regarded as a fixed solid surface attached on the cable, corresponding to the artificial rivulets
wind tunnel tests, and the monotone integrated large eddy simulation (MILES) is also incor-
porated to evaluate the sub-grid stress terms.
Secondly, the semi-coupled method is simplified multiphase incompressible Navier-
Stokes equations with the lubrication theory, additionally, physical interface coupling phe-
nomena and the turbulent transport phenomenon between multiphase interface are ignored.
Furthermore, supposing the volume of rainwater film attached on the cylinder is constant.
Thirdly, there still exist some limitations of the 2-D coupled model , e.g., neglecting the
secondary axial flow. However, considering the validation results and numerical efficiency.
As compared with the 3-D model, the location, geometry, and oscillation of rainwater rivulet
along the axis of cable are assumed to be homogenous and the secondary axial flow and three
dimensional nature of wind-cable environment are ignored in the coupled model.
Finally, the proposed multiscale and multiphase model assumes homogeneity for the
location, geometry, and oscillation of rainwater rivulets along the axis of the cylinder, in
addition, the effects of secondary axial flow, the phase differences along the axis of the
cylinder, and the differences between 2D and 3D turbulence effects, i.e., inverse energy
cascade, are not considered in this thesis.
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1.4 Cable vibrations in cable-stayed bridge system
The trend of building super longer span cable-stayed bridges introduces many new chal-
lenges to the bridge engineers and designers. One of the new challenges is related to long
and flexible stay cables due to the low internal structural damping and prone to paramet-
ric excitation vibration, vortex-induced vibration, wake galloping, and rain-wind-induced
vibration.
1.4.1 Parametric excitation vibration
Parametric excitation vibration of stay cable is driven by harmonic oscillator, which are in-
duced by varying system parameter variations at different frequencies. Vibrations of cables
may be induced by small periodic movements of their cable anchorages either on the deck
or the pylons. The vibrations of the decks and the towers, which are excited by wind actions
on them or traffic loading on the deck, induce the movement of the cable anchorages on the
bridge [75, 102, 109, 124, 151, 174, 123, 32, 24, 157, 176, 150]. Due to these low frequen-
cies movement effect, parametric excitation vibration is probable to occur. The unstable
range of excitation increases very quickly with excitation amplitude, and large amplitudes
of the end point oscillations, almost all the frequency ranges become unstable. Amplitude
oscillations causing fatigue and contact between stay cables would bring a great damage to
bridges. Kovács pointed out the danger of instability when the girder or mast frequency is
closed to twice a cable frequency, an instability condition and a simplified formula for the
maximum amplitude were given; Tagata studied the first mode parametric excitation and de-
rived a a non-dimensional non-linear Mathieu equation for the movement at mid-span of a
weightless string[131]; Labeeuw gave minimal values for cable damping to avoid instability
due to a time variable cable tension; Takahashi calculated the instability boundaries of the
main instability region of the Strutt diagram based on the eigenvalue method; and Hsu and
Szemplin´ska-Stupnicka[130] have made two important advances in the knowledge of the
mathematics of systems of equations with periodic coefficients.
1.4.2 Vortex-induced vibration
Vortex-induced vibrations(VIV) occurs, when the vortex shedding frequency is synchro-
nized to the natural frequency of the structure, i.e., the structure frequency would lock-in the
vortex shedding frequency. Other significant characteristics of VIV are that the excitation
frequency of the fluctuating drag frequency being twice that of the fluctuating lift; hysteresis
behavior, deriving from the fluid due to different wake patterns that form in response to the
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amplitude of oscillation; and the abrupt phase shift between the lift and the cylinder cross-
flow displacement. Vortex-induced vibration (VIV), has been investigated over the last two
decades, many of which are related to the push to explore very low mass and damping, and
to the unavailability of new computational and experimental techniques. New concepts and
phenomena generic to VIV systems, pay special attention to the vortex dynamics and en-
ergy transfer that give rise to modes of vibration, the importance of mass and damping, the
concept of a critical mass, the relationship between force and vorticity, and the concept of
“effective elasticity”, among other points [155, 62, 22, 64, 38, 37, 177, 86, 55, 39, 146, 11].
1.4.3 Wake galloping
Wake galloping has been reported to be caused by the wake interference between two cir-
cular cylinders [137, 170, 89, 172, 171, 173, 8, 43, 166, 162, 165]. It has been pointed out
that accelerated gap flow around the cylinder in the leeward plays an important role for the
violent vibration. The characteristics of the vibration against the cable arrangement, wind
speed, Reynolds number, and Scruton number have been clarified to some degree. The
characteristics are listed as follows, the most significant vibration was observed when the
spacing ratio W/D was 4.3 and the incidence angle of wind axis was 15◦; 1st mode was
dominant; and dominant axis of the vibratory displacement was changed by the combined
effect of Reynolds number and reduced wind speed.
1.4.4 Rain–wind-induced vibration
Rain–wind-induced vibration is hypothesized to be a new type of instability phenomenon,
which often occurs by the combined influences of rain and wind, may cause fatigue dam-
age and corrosion to cable, and affect the safety of the entire bridge eventually. The main
characteristics of RWIV can be summarized as follows,
(1) The occurrence of rain–wind-induced vibration is significantly related with com-
bined influences of rain and wind[58];
(2) The occurrence of rain–wind-induced vibration is significantly limited to the cables
which geometrically decline in direction of wind;
(3) Rain–wind-induced vibration occurs within the limited range of wind speed, espe-
cially in subcritical and critical Reynolds number range;
(4) Rain–wind-induced vibrations are characterized by a much lower frequency than
vortex induced-vibration and by a much higher amplitude with the modes of vibration varied
from a fundamental to 4th mode and the dominant frequency of vibration felt into the range
of 1Hz to 3Hz;
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(5) Rainwater gathers and forms rivulets, which oscillating in circumferential direction
of cable surface when RWIV occurs.
The rain–wind-induced vibration has been the subject of significant work in recent
years to ensure the serviceability and safety of the bridge, and to reduce maintenance
costs. Maximum double amplitudes of rain–wind-induced vibrations have been reported
as 600mm(Brotonne Bridge), 1000mm(Koehlbrand Bridge), 2000mm(Faroe Bridge), and
1950mm(Tenpohzan Bridge). The phenomenon is of great interest in this thesis. Therefore,
a more detailed literature review on this topic is provided in the next section.
1.5 Literature review: rain–wind-induced vibration
Most have focused on rain–wind-induced vibration(RWIV) from the field observation, wind
tunnel tests, analytical model, and the numerical investigation aspects.
1.5.1 Field measurement
Under conditions of rain combined with the wind loads, RWIV phenomena prone to occur
in the cable-stayed bridges(Fig. 1.2). RWIV was firstly observed and defined during the
construction of Meikonishi bridge by Hikami[58], characterized by a much lower frequency
around 1−3Hz than a vortex induced oscillation combined with a much higher amplitude
around 55cm under wind velocity 14 m/s combined with the rain. The measurement was
carried out by the 24 cables of south-side plane extending from the east-side pylon, which
lengths varied from 65 to 200 m. Particular wind-rain-stay cable configuration, participation
of the medium intensity rainfall and the limit range of the wind speed were the necessary
conditions of RWIV excitation. Furthermore, it was also observed that the attached rainwa-
ter would forming rivulet, and oscillating along the circumference of cables.
Fig. 1.2 RIWV phenomena observed in the cable-stayed bridges: Meikonish Bridge (Japan)
[58], Fred Hartman Bridge (Houston, USA) [78, 179, 180, 77], and Donating Lake Bridge
(China) [93] from left to right.
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During a long-term filed measurement at the Fred Hartman Bridge in Houston, Texas,
some characterizations of RWIV were present [78, 77]: root mean square displacement am-
plitudes were estimated as large as 50 cm among 15 stay-cables; the number of the dominant
vibration mode ranged from 1 to 4; the dominant vibration frequencies were between 1 to 3
Hz. Furthermore, the wind direction relative to the stay cables, the yaw angles and inclina-
tions of stay cables had significant effects on RWIV phenomena. The wind velocity ranged
4-14.5 m/s and the rain intensity were also considered during the observation.
Observations were investigated further on the Fred Hartman Bridge [179, 180]. Stay
cables can exhibit multiple modes due to three-dimensional nature of the cable-wind en-
vironment, similar to vortex induced vibration(VIV). The similarities between RWIV and
VIV might be due to vortex-induced type of excitation, different from Karman vortex shed-
ding, however, RWIV is induced by Karman vortex shedding enhanced by periodic vortices
along the stay cable surface remained unclear. The difference between RWIV and VIV was
that RWIV occurred at much larger amplitude and at much higher wind speed than it did in
VIV, although the amplitude of both did appear to be self-limiting.
A full-scale stay cable model with 30 m long polyethylene pipe for cable-stayed bridges
was exposed to natural wind and rain conditions to investigate the RWIV phenomena [84].
Without precipitation, the vibration was induced by the Karman vortex shedding, due to
the dominant frequencies of acceleration PSD 14.6 Hz(7th mode) and 18.6 Hz(8th mode)
approached to the natural frequency of the stay cable; with precipitation, the vibration, with
the dominant frequencies of acceleration PSD 4.0 Hz(3th mode) and 5.96 Hz(4th mode) at
high reduced wind velocity, might be considered as the rain-wind–induced vibration.
The field measurements were conducted on the cable-stayed Donating Lake Bridge for
continuous 45 days to investigate the RWIV phenomena [93]. The critical mean wind ve-
locity producing RWIV were 6-14 m/s; the critical mean wind direction(relative yaw angle)
ranged from 10◦ to 50◦; RWIV occurred in light-to-moderate rain(less than 8 mm/h); the
cable in-plane acceleration response amplitudes were approximately two times the out-of-
plane acceleration response amplitudes in RWIV, furthermore, dominant mode of RWIV
was the third mode in all RWIV events; the majority of the response involves participation
of the dominant mode as well as other low-order modes.
1.5.2 Wind tunnel tests
In wind engineering, wind tunnel tests are used to measure the velocity around, and forces or
pressures upon structures. Very tall buildings, buildings with unusual or complicated shapes
(such as a tall building with a parabolic or a hyperbolic shape), cable suspension bridges or
cable stayed bridges are analyzed in specialized atmospheric boundary layer wind tunnels.
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There is a long upwind section of the wind tunnel to accurately reproduce the wind speed and
turbulence profile acting on the structure. Wind tunnel tests provide the necessary design
pressure measurements in use of the dynamic analysis and control of tall buildings. For
RWIV phenomena, two ways are divided for investigation: Artificial rain infall wind tunnel
tests, which employed the rain infall instrument to simulate the real process of the natural
rain; Artificial rivulets wind tunnel tests, which assumed a fixed solid attached on the cable
surface to simulate the rivulets effect.
Artificial rainfall wind tunnel tests for RWIV
To simulate the real rainfall process, to control the physical parameters during rainfall, i.e.,
rain intensity and the diameters of the rain droplets, and to reveal the rain factors influencing
the whole process of RWIV, the rainfall instruments were incorporated in wind tunnel test,
so called artificial rainfall wind tunnel tests for RWIV. The artificial rainfall wind tunnel tests
parameters, including the size of wind tunnel, the size, materials, mass, damper, frequency,
the wind inflow velocity, and the maximum displacement of the cable, are listed in Table 1.1
and the scheme for simulating the process of natural rain was employed either by sprinkling
water from the showers near the top boundary [147] or form the top plastic tube injecting
on the cable [5](Fig. 1.3).
Fig. 1.3 The scheme for simulating the process of natural rain was employed either by
sprinkling water from the showers near the top boundary (left-side) [147] or form the top
plastic tube injecting on the cable (right-side) [5] in the wind tunnel experiments.
The roles of rain on the occurrence of the vibration were investigated by reproducing the
rain condition in the wind tunnel tests through spraying water by Hikami [58]. To investigate
the details of RWIV through the cable’s responses with rain and without rain conditions, the
RWIV phenomena was validated by the wind tunnel tests. Furthermore, the influence of
the cable frequency varying from 1 to 3 Hz was conducted to capture the details of RWIV,
i.e., the relationship between wind speed and the cable’s amplitude, the locations of the
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rivulets adhering to the cable surface, and try to clarify the possible mechanism of RWIV
phenomena; the configuration of wind-rain-cable structure, the rivulets oscillating during
the RWIV occurred.
A series of wind tunnel tests were conducted, and the fundamental aerodynamic charac-
teristics of a yawed and inclined circular cylinder with and without rain were investigated
[82, 83, 81, 85]. An intense secondary axial flow and the formation of the upper rivulet af-
fects significantly RWIV phenomena. The secondary axial flow resulted in an aerodynamic
exciting force acting on the yawed/stay cable formed in the early wake, similar role a splitter
plate submerged in the wake; the role of rain is considered as an amplifier of the essential
unstable aerodynamic exciting force acting on the yawed/stay cable.
The fundamentally different exciting mechanisms of RWIV of cables or steel bars were
explained through wind tunnel tests [147]. The frequency of model up to 8.9 Hz with the
Table 1.1 Parameters of artificial rainfall wind tunnel experiments
Experimental Parameters Hikami [58] Matsumoto [83] Verwiebe [147]
wind tunnel size
(width(m)×height(m)) 2.5×2.5 10×3.0 2.7×1.8
cable model size
(diameter(m)×length(m)) 0.14×2.6 0.14,0.16×9.5 0.1×2.0
mass of cable model(kg/m) 37 − −
frequency of cable model(Hz) 1,2,3 − 8.9
damp ratio of cable model 0.11−0.44 − −
cable model material PE PE PE
wind inflow velocity(m/s) 6−18 0−15 2−30
max cable displacement(m) 0.36 0.25 0.26
Experimental Parameters Flamand[42] Gu et.al [51] Li et.al [70]
wind tunnel size
(width(m)×height(m)) 7.0×6.0 2.4×2.4 1.8×1.8
cable model size
(diameter(m)×length(m)) 0.16×7.0 0.12×2.5 0.1×2.0
mass of cable model(kg/m) 16 15 17.15
frequency of cable model(Hz) 2.4 1,2,3 0.952
damp ratio of cable model 0.1 0.14−0.50 0.17
cable model material PE PE Acrylic Resin
wind inflow velocity(m/s) 6−13 5.5−12 1−30
max cable displacement(m) 0.32 0.37 0.11
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wind speed above 8 and up to 30 m/s, RWIV phenomena were observed in the cross-wind
direction as well as in the wind direction, depending on the wind-rain-cable configuration,
i.e., yaw and inclination angles of the cable and the wind speed. When the wind force act-
ing in the wind direction, changing in the rhythm of the natural frequency was caused by
a rhythmic shift of the separation lines due to the shift of the rivulets on the cable surface,
the wind direction vibration occurred; the lateral force was changing due to the changeable
section of the cable with one or two lateral rivulets and by the rhythmic shift of the separa-
tion lines, and the cross-wind direction vibration occurred. Furthermore, the cable surface
and the permanently changing rivulets’ shape locked-in each other with the same frequency.
Additionally, RWIV phenomena were identical to a self-excited oscillation.
Full scale for a section of the stays of the Normandie Bridge were conducted in the wind
tunnel [42] under several materials, shapes and surface coatings. RWIV phenomena were re-
produced and identified with standard polyethylene cylindrical smooth casing at wind speed
from 7 to 13 m/s. The prevalent role of the upper rivulet was verified. Additionally, dirt
coating of the cable surface was sensitive to formation and evolution of the upper rivulet,
compared with clean or greasy cable surface, consequently easier to excite the RWIV phe-
nomena; a spiral disorganizing the movement of the upper rivulet every 0.3 m is efficient
enough to stabilize the cable to decrease the vibration.
The stay cable with high-density polyethylene was conducted in the wind tunnel [30].
The pressure distribution around the cable surface was firstly proposed, meanwhile, the
thickness of water film was proposed to be captured by means of the resistance wire dis-
tributed around the cable surface.
RWIV phenomena were reproduced under conditions of spraying water onto the cable
model to simulate the natural rain process [51]. Parametric analysis, i.e., inclination angle,
frequency, yaw angle, and damping of the cable, was performed. Additionally, the velocity-
and amplitude-restricted vibration, i.e., RWIV, was considered to occur based on the forma-
tion of the upper rivulets and its motion around the cable surface.
RWIV were systematically investigated through the measurement performed for the for-
mation and behavior of water rivulets [5]. Flow was classified into five categories for dif-
ferent Reynolds number with varied stagnation line; the circumferential oscillation of water
rivulets influenced on the fluid forces and near the wake of the cylinder more considerably
and significantly than steady, without oscillating cases; and when the vortex-shedding fre-
quency approached the natural frequency of the circumferentially oscillating rivulets, the
rivulet-vortex-induced vibration caused RWIV phenomena.
Initial attempts to capture the upper rivulet, used an ultrasonic transmission thickness
measurement system(UTTMS)(Fig. 1.4)–capable of measuring time-dependent spatial dis-
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tribution of rainwater around the surface of an stay cable [70]. The location, geometry, and
oscillation data of rainwater rivulets were recorded and analyzed (Fig.1.5). Additionally,
quantitative investigation of the upper rivulet oscillation indicated that the oscillation fre-
quency of the upper rivulet, obtained by wind tunnel experiment, approached to the natural
frequency of the segment model, and the RWIV phenomena were reproduced.
Fig. 1.4 The ultrasonic transmission thickness measurement system(UTTMS)–capable of
measuring time-dependent spatial distribution of rainwater around the surface of an stay
cable [70].
Fig. 1.5 The location, geometry, and observed data of rainwater rivulets were recorded by
the UTTMS [70].
To capture the details of the rain roles in RWIV, i.e., the thickness, and the positions of
the rainwater films etc., artificial rainfall in the wind tunnel experiments were conducted(Fig.
1.6), however, to obtain the aerodynamic force during RWIV, the artificial rivulets were
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incorporated in wind tunnel test, and the rain effect was considered as a solid adhering to
the stay cables.
Fig. 1.6 The artificial rivulets method to capture the details of the RWIV phenomena in the
wind tunnel experiments [52].
Artificial rivulet wind tunnel tests for RWIV
Flexural rivulet adhering to the cable surface combined with the cable were conducted at
the wind speed around 10 m/s in the wind tunnel [163]. The frequency of oscillation of
upper rivulet approached the natural frequency of the cable motion, and thus the RWIV
phenomena were reproduced. Two possible reasons for RWIV were presented either by
quasi-steady Den Hartog galloping theory or by rivulet oscillation along the circumference
of the cable.
The rivulets were simulated by two bars placed at different locations on the cable surface
in the wind tunnel tests [21]. Changing the shape and the position of the two bars were
employed to reproduce RWIV phenomena. RWIV phenomena were caused by the presence
of the two bars; RWIV corresponded to galloping and were independent of bar shapes and
dimensions, within the limits of the tested configurations.
To explore the mechanism of RWIV and its mitigation, a section model was adopted in
the wind tunnel experiments [175]. Artificial rivulets were used to reproduce and validate
the RWIV phenomena. The important parameters, i.e., yaw angle, inclination angle, rain-
fall were performed and analyzed. The velocity-restricted and amplitude-restricted RWIV
phenomena were observed, with the amplitude more than 180 mm, in addition, the rain-
fall intensity, cable damping ratio, inclination angle, and yaw angle of the cable affected
significantly RWIV phenomena, and the control schemes were also presented.
A 3-D sectional cable model was employed to investigate RWIV phenomena [53, 52].
The pressure and aerodynamic force acting on the cable model and the upper artificial rivulet
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were obtained from the wind tunnel tests. Through the variation of the yawed angle and
inclination angle factors, violent variations of the wind forces acting on the cable model
could be the key aerodynamic factors of RWIV phenomena.
1.5.3 Theoretical analysis
Three ways were divided to investigate the mechanism of RWIV phenomena from the ana-
lytical model aspect. The multi-degree-of-freedom method, which were coupled the equa-
tions of stay cables model and rivulets dynamic model based on the aerodynamic force and
pressure distribution around the stay cable obtained from the wind tunnel experiments, was
employed to clarify the characteristics of the rivulets dynamic and the cable motions; the
single-degree-of-freedom method, which simplified the rivulets motion as a series of simple
harmonic oscillation mixed to be substituted to the cable dynamic equations, was used to
capture the characteristics of the cable motion during RWIV phenomena; the zero-degree-
of-freedom method, which ignored the rivulets motion effects, just considering the rivulets
affecting the flow structure when the wind flowed past the stay cable, was adopted to clarify
the mechanism of the RWIV phenomena.
Multi-degree-of-freedom analytical model for RWIV
A two-degree-of-freedom galloping model, which considered the upper rivulet oscillating
in the circumference around the cable surface coupled with the rotation and cross-wind sec-
tion equations, was adopted as an analytical model to investigate the mechanism of RWIV
phenomena [163] based on quasi-steady analysis. The aerodynamic damping coefficient of
the cable became negative when the frequency of the upper rivulet approached to the natural
frequency of the cable, and Den Hartog’s theory was not useful for explanation of RWIV
mechanism.
The aerodynamic force coefficient obtained from wind tunnel experiments was incorpo-
rated in the analytical model to analyze the mechanism of RWIV [44].
Considering the phenomena of RWIV in the downwind direction vibrations, the down-
wind direction vibration of the cable was added in the cable dynamic model to investigate
the mechanism of RWIV [101]. The three-degree-of-freedom model for the cable motion
was employed, and the amplitudes of the cable displacement both in-plane and out-plane
were large, furthermore, the amplitude of vibration along the downwind direction larger
than the cross-wind direction vibration disagreed with most wind tunnel experiments, how-
ever, the analytical results agreed relatively with the Dongting Lake Bridge observation data
[93].
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To consider of the phenomenology of the Prandtl tripwire and the movable features of
rivulets, six equations system, including two-dimensions for cables and rivulets(the upper
rivulet and the lower rivulet), was employed [118]. The lower limit of the critical velocity
range was determined by the mechanical model for various inclination and incidence angles
of the cable; the approximation of the upper limit velocity range was derived from the
established fluid mechanical correlations. Additionally, the amplitude of RWIV influenced
by the square of the incidence wind velocity and the rivulets.
The typical three-dimensional rigid cable model coupled with the dynamic rivulet model
was established [52], and a new description of the friction force between the water rivulet
and the cable, which considered as to be composed of the Coulomb damping and linear
damping force, was employed in this analytical model. The results obtained from the ana-
lytical model agreed with the experiments to estimate the vibration responses and the onset
wind speed of cable.
Single-degree-of-freedom analytical model for RWIV
Assuming the motion of the ridge modeled the dynamics of the rivulets on the cable and
small amplitude oscillation of the cable and the lift and drag forces varied due to the ridge
adhering to the cable surface, the quasi-steady analysis to obtain the aerodynamic force was
employed to obtain the non-linear second-order equations [145]. The averaged system may
have a periodic obit corresponding to modulated oscillations of the original equation due
to three excitation mechanisms: self-excitation, parametric excitation and ordinary forcing.
Furthermore, the presence of droplets was added in the model [144], the influence of the
variation of the mass of the oscillator due to an incoming flow of droplets hitting the oscil-
lator and a mass flow, which is blown and shaken off was investigated. The regular adding
and removing of a marginal quantity of raindrops attached to a mass-spring system, defined
as Hamiltonian system, may lead to an unstable equilibrium; the time-varying positions of
the rainwater ridge led to the time varying aerodynamic force acting on the cable as an
instability mechanism.
Based on the observations both from field measurements and wind tunnel experiments,
the motion of upper rivulet was assumed harmonic with the same frequency of the cable
natural frequency, as long as the steady-state vibration concerned. Considering the effect
of the mean wind speed on the position of upper rivulet and the influence of moving upper
rivulet adhering to the cable surface during RWIV, an analytical model was developed to
describe steady-state RWIV phenomena [160, 149]. Although the axial flow effect and tur-
bulence effect were ignored, this model could capture the RWIV as the velocity-restricted
and amplitude-restricted vibration due to alternating aerodynamic damping ratio or alternat-
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ing excitation force because of the interaction between rivulet motion, cable motion, and
wind.
Further, the derived SDOF models assumed the circumferential oscillation of the upper
rivulet with the same frequency of the cable and constant rivulet–cable amplitude ratio for
given wind speed [154]. The proposedmodels described the phenomenon by simple formula
that can be easily adopted for estimation of the maximum amplitudes of cable oscillations
induced by simultaneous action of wind and rain.
According to the quasi-steady assumption, the governing equation of vertical motion of
the cable was derived and the criterion for unstable motion and occurrence mechanism were
studied [158]. The results indicated that the analysis model can reflect the main character-
istics of RWIV of cable which was amplitude and velocity-restricted, and it was probably
related with the periodic vortex shedding of wake flow. The essential for the occurrence of
RWIV of cable was that the derivative of lift coefficient with respect to transient angle of
attack is less than zero.
Zero-degree-of-freedom analytical model for RWIV
The zero-degree-of-freedom method to investigate the mechanism of RWIV was given, and
in this way the dynamic effects of the rivulet were ignored. The aerodynamic coefficients
of a cable were measured using a spatial cable model with a three-dimensional flow and
an analytical model was developed to predict rain-wind induced cable vibration [74]. The
results from the parametric study indicated that the aerodynamic and motion parameters of
cables may affect the maximum amplitude and the wind speed range for the occurrence of
rain-wind induced vibration. The observations obtained by the analytical model showed that
the presented model can reflect the main features of rain–wind-induced vibration.
1.5.4 Numerical simulation
With the development of computer hardware and Computational Fluid Dynamics (CFD)
method, the applications of the technique of numerical simulation in civil engineering be-
came more and more wide. Numerical simulation is a convenient and cost-effective method
to investigate the mechanism of aerodynamic characteristics and rainwater morphology dis-
tribution around the cylindrical surface. Three methods have been proposed to investigate
these phenomena.
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Separated model(SM) for RWIV
The aerodynamic characteristics of an inclined cylinder may be derived, considering a con-
vex hump fixed on the cylinder surface near the separated point as the effects of the rainwater
morphology distribution around the cylinder surface [72, 71, 159];
A technical application was investigated by using commercial CFD tools with a LES
approach [114]. 2D simulations had highlighted the great importance of a fine mesh reso-
lution in the circumferential direction to obtain the exact vortex shedding frequency. The
phenomenon was well reproduced by 3D simulations that show the disorganization effects
due to the device presence. The lift dynamic amplitudes reduction and the percentage in-
crease of the drag due to the wired configuration were close to the experimental ones. The
LES approach had shown its potentiality in the numerical simulation of a technical applica-
tion; the detailed description of the motion fluid field given by these simulations provided
the opportunity of a better understanding of the fluid dynamics mechanism allowing to re-
duce vortex shedding excitation.
CFD method was adopted to simulate the flow around 2D and 3D circular cylinders
with and without fixed artificial rivulets. The streamlines, mean pressure coefficients and
aerodynamic force coefficients on the cylinders and the rivulets were obtained. The results
showed that the vortexes shed from the 3D circular cylinders irregularly, which was different
from the 2D circular cylinders. The rivulet may affect the separation of the approaching flow,
and may result in a sudden decrease of the mean lift coefficient [72].
The oscillation of the cable was treated as a previously known moving boundary con-
dition and applied to the flow field [71]. Only the flow field with the known moving cable
boundary was then numerically simulated by using a CFDmethod(Fluent 6.3). The transient
aerodynamic forces of the stay cable with a predetermined cable oscillation were obtained
from numerical calculations. Over the wind speed range of the RWIV, a more accurate aero-
dynamic force can be obtained, and it had a dominant frequency (i.e., natural frequency of
the cable) and a large amplitude. Below this wind speed range, the aerodynamic force has a
primary frequency but a small amplitude, and above this wind speed range, the aerodynamic
force has a large amplitude but no dominant frequency. Furthermore, the feasibility, relia-
bility, accuracy and computational efficiency of the hybrid approach are validated through
comparison with CFSI for investigation on VIV of a circular cylinder and with the wind
tunnel test for investigation on RWIV of a stay cable.
A numerical investigation on the effects of the upper rivulet on the aerodynamic forces
of the cable and the interaction between the fluid flow and the cable oscillation was carried
out where the cable with the upper-rivulet was modeled by a circular cylinder with an arch
attachment. The large-eddy simulation (LES) method with Smagorinsky-Lilly modeling
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was employed to simulate the 3-D turbulent flow field, and a moving mesh method was in-
troduced to deal with the oscillation of the cylinder. The aerodynamic forces on the cylinder
and the flow patterns around the cylinder were analyzed for both steady and oscillation sta-
tus of the cylinder with the rivulet attachment in different position angle ranged from 0◦ to
60◦. The results showed that the aerodynamic forces on the cylinder changed largely with
the position angle of the rivulet attachment and existed a rivulet position angle where the
aerodynamic force on the cable and flow pattern around the cable both changed dramatically.
This critical position angle was found to be 45◦ for the cases studied.
However, this does not consider rainwater morphology evolution or the dynamic effects
of the rainwater convex hump. A semi-coupled method has been studied [69, 68, 67, 113,
136, 135, 134] that divides the time averaged multiphase Navier-Stokes equations into two
parts: background Navier-Stokes, similar to the single phase impressible Navier-Stokes sys-
tem; and multiphase interface tracking, obtained by simplified time averaged multiphase
Navier-Stokes equations based on lubrication theory in combination with the linear height
function of the interface tracking method. The background Navier-Stokes equations provide
the aerodynamic force coefficient, including the pressure and friction coefficient distribution
around the inclined cylinder, as inputs to the multiphase interface tracking equations. The
multiphase interface tracking equations provide the source term required in the background
Navier-Stokes equations. The inhomogeneity of the rainwater morphology distribution and
evolution around the inclined cylinder can be tracked. However, turbulence and accurate
rainwater morphology distribution around the cylinder are difficult to address.
Semi-coupled model(SCM) for RWIV
A standard lubrication model [110] was employed to analyze the dynamics of a water film
on a cylinder under the effect of gravity and wind load [69, 68, 67]. A simple criterion was
then proposed for the appearance and position of rivulets, where the Froude number was the
control parameter. Experiments with several geometries of cylinder covered with water in
a wind tunnel showed the evolution of the rivulets with the Froude number. Comparison of
the prediction by the model with these experimental data showed that the main mechanism
of rivulet formation and positioning was captured; the conditions were addressed for the
rivulets to form; the evolution of a thin film submitted to gravity, surface tension, wind and
motion of the cylinder was captured. Numerical simulations showed the appearance of the
rivulets that are reputedly responsible for the instability.
A numerical method was developed to undertake simulations of certain aspects of RWIV,
in particular, rivulet formation and evolution, and specifically a two-dimensional model for
the evolution of a thin film of water on the outer surface of a horizontal circular cylinder sub-
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ject to the pressure and shear forces that resulted from the external flow field was presented
[113]. The distribution and magnitude of aerodynamic loading and the Reynolds number
influence on the rivulet temporal evolution were undertaken, the results of which indicated
that while all three affected the temporal evolution, the distribution of the loading had the
greatest effect. Under all loading conditions, two rivulets were observed to form, these
were asymmetric about the horizontal axis of incident wind and of different heights, due
to the effect of gravity. Artificial rivulets on the cylinder modified the aerodynamic force
coefficients (which vary with rivulet angle), and particular rivulet configurations can cause
a susceptibility to a galloping type instability; results obtained from the thin-film model
were consistent with those in the literature. Under shear or pressure loading two symmetric
rivulets form just windward of the separation points, while under full loading conditions the
rivulets were asymmetric due to the additional effect of gravity; preliminary results from
a fully coupled model demonstrate how the changing flow field influenced the rivulet mo-
tion and growth[136]. Furthermore, three combinations of loading were investigated, to
examine the independent effects of shear and pressure, before combining these along with
gravitational loading to ascertain the effects of the full physical loading on the rivulet dy-
namics [135]; and the periodic nature of this rivulet was consistent with key mechanisms
for RWIV previously identified, and varying the initial thickness of the water film modified
the growth rate of the lower rivulet [134].
2D coupled equations of water film evolution and cable vibration were presented [14] for
the first time based on the combination of lubrication theory and vibration theory of single-
mode system. In accordance with the experimental results, the numerical results showed
that RWIV only occurred in special wind speed and the period of water film evolution was
close to cable natural period, which made cable vibrate with large amplitude. Under too low
wind speed, the inconspicuous variation of water film morphology lead to small amplitude
of lift and cable vibrating like free vibration. And when wind speed was too large, cable
also vibrated with small amplitude as the water film morphology and lift changed with little
periodicity. These confirmed the conclusion that the resonance between rivulets and cable
may be one of the main reasons for RWIV.
Coupled model(CM) for RWIV
The volume of fluid (VOF) method has also been adopted for tracking the multiphase inter-
face in a coupled method [16, 13]. Considering an artificial rainwater film around the sur-
face of the cylinder, and assuming the total volume of rainwater remains constant through
the artificial boundary conditions, rainwater morphology evolution can be tracked.
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A numerical simulation approach of the formation process of rivulets around stay cable
was presented by combining gas-liquid two-phase theory and volume of fluid method (VOF
method) for the first time [16]. The effect of gravity and air flow on morphology of rivulets
was analyzed by numerical simulation using CFX software. The veracity and rationality
of this approach was verified and validated by comparing with existing experimental data.
Under combination of gravity and airflow, the location of upper rivulet moved downwards
and the location of lower rivulet changed little while the lower rivulet height increased
rapidly by gravity, which was accordant with experimental results.
A new numerical method for simulating the evolution of rivulets on stay cable surfaces
based on a combination of the gas–liquid two-phase theory and the volume of fluid method
(VOF method), which allows for the straightforward determination of the cables’ aerody-
namic lift when RWIV occurs, were adopted [13]. In accordance with the experimental
results, the numerical results demonstrated that an upper rivulet with a periodic oscillation
was formed at a specific wind speed, causing the aerodynamic lift to change with a sim-
ilar periodicity. The aerodynamic lift’s frequency was approximately the cable’s natural
frequency, and induced large vibrations in the cable. The observations confirmed the con-
clusion that periodic variations in the water film morphology could lead to periodic changes
in the aerodynamic lift that would induce RWIV.
1.6 Literature review: multiphase interface tracking algo-
rithm
To capture the high precision multiphase interface, the principle of computational multi-
phase flow are summarized in the following contents. When the governing equations are
solved on the fixed grid, using one set of equations for the whole flow field, the different
fluids must be identified in some way. To identify whether a given fluid i is present at a
particular location x, a Heaviside function H is employed, defined by,
Hi(x) =



1 if x is in fluid i;
0 if x is not in fluid i.
(1.1)
For a two-fluid system, i = 1,2 and H2 = 1−H1, so it is sufficient to solve H = H1. As
the interface moves, the interface keeps conservation, i.e., the substantial derivative of H is
zero, or
DH
Dt
=
∂H
∂ t
+u ·∇H = 0. (1.2)
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Updating H accurately is both critical for the success of simulations of multiphase flow
and also surprisingly difficult. The color function C is defined as the average of H in each
computational cell, e.g., for a rectangular two-dimensional cell
Ci, j =
1
∆x∆y
ZZ
V
H(x,y)dxdy. (1.3)
if the cell is full, C is equal 1; if the cell is empty, C is equal to 0; and when the C is
satisfied 0<C < 1, there is an interface in the cell. Main six methods have been proposed
to solve the Eq. 1.3, advecting the color function directly, volume-of-fluid (VOF) method,
fronting-tracking method, the level-set method, phase-field methods, and the CIP method.
1.6.1 Advecting the color function
Advecting the color function directly, is based on the Eq. 1.3 discretization in the temporal
and spatial domain as,
Cn+1i, j =C
n
i, j−
Z t+∆t
t
ZZ
V
(u ·∇C)dxdy=Cni, j−
Z t+∆t
t
I
S
(uC)dS. (1.4)
if the H function approximate using Ci, j in each cell, the flux terms are obtained in the cell
boundary based on the Ci, j, and it would lead to the smearing solution. However, to avoid
this smearing, a correction scheme for flux term is carried out, e.g., in one dimension as,
Cn+1i = (1−λ )Cni +λCni−1−
∆x
2
(1−λ )λ (si− si−1) . (1.5)
where λ =U∆t/∆x. The left and right slopes, denoted by s−i and s
+
i , for the cell i are given
as,
s+i =
Cni+1−Cni
∆x
;s−i =
Cni −Cni−1
∆x
. (1.6)
and the weight average for the cell i is,
si =
1−κ
2
s−i +
1+κ
2
s+i . (1.7)
where κ is an arbitrary constant, e.g., κ = 1 yields to the Lax-Wendroff scheme. However,
comparing with shocking-capturing method, there is no inherent machoism that sharpens a
smoothed interface and the flow can not be distinguished between an sharp interface and
a smoother interface, and it leads to numerical diffusion in first-order scheme to advect
this interface in multiphase system in incompressible fluid, and numerical oscillations in
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high-order scheme to advect the interface. And the flux-corrected transport (FCT) method
[169, 20, 19, 17, 18] is employed.
While high-order monotonicity-preserving methods have been a great success for com-
putations of flows with shocks and multiphase interface, the advection term of marker func-
tion, i.e., Eq. 1.5, is essentially trivial, especially n higher dimensions. Simple line interface
calculation [96] is employed to simplify the calculation for the advection term based on the
simple line interface reconstruction. Once the location of the interface has been determined,
the time integration of the fluxes is done by,
Z t+∆t
t
Fi+1/2dt =



0, ∆t ≤ (Ci−1)∆x/U ;
(Ci−1)∆x+U∆t, ∆t > (Ci−1)∆x/U.
(1.8)
A slightly different method is proposed [59, 94, 95, 156], where the interface is still approx-
imated by straight lines in either horizontal or vertical types. This method improves the
behavior of the advection scheme due to the interface reconstruction in each cell, however,
loses accuracy by Rudman [116]. Both methods, approximated interface by straight lines,
generally generate considerable amount of "flotsam" and "jetsam", where pieces of the inter-
face break away in an unphysical way. To avoid this phenomena, piecewise linear interface
reconstruction (PLIC) is employed [167].
1.6.2 Front tracking method
Front tracking method [31, 112, 50, 49, 48, 27, 47] is represented by connected marker
particles, which are advected by the fluid velocity, interpolated from the fixed grid. The way
in which the front interacts with the underlying fixed grid is what distinguishes between the
various front-tracking methods. Several issues must be decided, including how information
is transmitted between the front and the grid and how the update of variables next to the front
is accomplished. To avoid smoothing the interface, but still use a fixed grid fro the solution
of the conservation equations, it is necessary to modify the numerical approximations near
the front [41, 46, 66]. Another approach to keep the interface sharp is the modification of
the fixed grid near the front in such a way that the grid lines coincide with the interface
[141, 140, 79, 76]. One of the main advantage of the front tracking method is that changes
in topology, where fluid regions merge or break up, are not handled automatically, as in
methods where the marker function is advected directly.
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1.6.3 Level set method
Unlike theC function in VOF method, the level set method is identified by a smooth marker
function F(x, t), which is positive in one fluid and negative in the other, and advected using
standard method for hyperbolic equation. High order schemes, i.e., ENO, WENO methods,
are employed [99] in the level set function,
∂F
∂ t
+u ·∇F = 0. (1.9)
F must have the same shape near the interface, while the thickness of the transition zone to
remain approximately constant. Where the interface is stretched, the gradient of F becomes
steeper, and where the interface is compressed the gradient becomes smaller. To deal this
problem, Reinitialization procedure modified F is employed [129] by solving,
∂F
∂τ
+ sgn(F0)(|∇F|−1) = 0. (1.10)
The level set method, at least in its original embodiment, has the appeal of simplicity. For
a fluid mechanics problem one has only has to solve one additional partial differential equa-
tion and there are essentially no additional complex steps, such as the reconstruction of an
interface in VOF method or the addition of new computational objects such as when front
tracking method is used. The level set method made them comparable than other methods
in terms of complexity and performance, however, the mass conservation problem is a still
barrier [41, 40, 128, 127, 98, 87, 120, 119, 125].
1.6.4 Phase field method
Phase-field method, is used to capture the interface by introducing free-energy function and
selecting the function in a proper way - including the appropriate values fro the various
adjustable coefficient - it is possible to ensure that the thickness of the interface remains of
the same order as the grid space [61, 122] as,
ρ0
Du
Dt
=−∇S+µ∇2u− c∇φ +gρ(c). (1.11)
For the fluid velocity and update the phase-field variable by,
Dc
Dt
= κ∇2φ . (1.12)
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where, κ is a diffusion coefficient and the potential φ is derived from the free energy of
the fluid. Phase-field method is used for multiphase interface tracking [168, 34, 126, 63],
however, it is important to note that the methods are derived based on fundamentally differ-
ent assumptions and that the phase-field method can, at least in principle, be used to study
small-scale phenomena, such as contact-line motion, for which tracking methods that start
from the sharp interface hypothesis are unsuitable.
1.6.5 CIP method
The CIP method is designed to reduce dispersive error in the advection of a function f
by filtering a cubic polynomial to the nodal values of f and its derivatives [132, 133, 92,
161]. The CIP method can preserve the discontinuity of the interface, small oscillations still
appear.
1.6.6 Volume of fluid method
Interface representation, interface evolution with the time, and the boundary condition im-
posed on the interface are key issues in numerical simulation of multiphase fluid flow or
free-surface flow. No physical inherent mechanism that sharpens a smooth interface ex-
ists and the flow can not be distinguished by multiphase interface for free-surface flow
[139]. Hence, interface reconstruction is essential to numerical methods for free-surface
tracking. Numerical methods have mushroomed, such as advecting the color function di-
rectly [169, 20], volume-of-fluid (VOF) method [59], fronting-tracking method [41, 46, 66],
level-set method [41, 128, 98, 87, 125], phase-field methods [61, 122], and CIP method
[132, 133, 92, 161]. Among these methods, VOF method has become undoubtedly a fully-
fledged and successful technique to track the multiphase interfaces in numerical free-surface
flow. Interface reconstruction of traditional VOF methods were divided into two ways: sim-
ple line interface calculation(SLIC) [96, 59, 94, 95, 156, 65] and piecewise linear interface
reconstruction (PLIC) was introduced [33, 167]. Line-segments were adopted in each mixed
cell for both SLIC and PLIC. In SLIC, a line segment parallel to one of the grid coordinate
axis, generally generated significant amount of "flotsam" and "jetsam", where pieces of the
reconstructed interface broke away in an unphysical way due to lack of connectivity on the
mixed cell boundaries of the reconstructed interface; PLIC calculated the intercept for each
line segment in mixed cells based on the volume fraction conservation, and approximated
the normal of interface either by the volume fraction gradient, i.e., Youngs’ finite-difference
method [7, 54, 152], or by some other minimizing criteria, i.e., ELVIRA’s criteria based
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on the volume fraction error between accurate and approximated interfaces [108, 104] and
LSF(least-squares fit) method’s criteria based on the given function [117, 9].
The interface reconstruction of traditional VOF methods for interface reconstruction
(Fig. 1.7, the accurate interface and the volume fraction in each cell is given in Fig. 1.7(a))
are categorized into two general ways: each mixed cell, considered as a line segment parallel
to one of the grid coordinate axis, generally generated significant amount of "flotsam" and
"jetsam" in SLIC (Fig. 1.7(b)); to evaluate the normal of the interface based on a volume
fraction stencil in PLIC (usually 9 mixed cells for 2D and 27 mixed cells for 3D as shown
in Fig. 1.7(c)), and to obtain the intercept for each line segment in the mixed cells based
on the volume fraction conservation in the corresponding mixed cells. The normal vector
of the reconstructed interface is approximated either by the volume fraction gradient or
by some other minimizing criteria in the mixed cell stencil. However, neither VOF-SLIC
reconstruction nor VOF-PLIC reconstruction is continuous across the cell boundaries but
satisfied the area conservation constraint in each mixed cell. Moreover, the inconsistence
phenomena, which the volume fraction in mixed cell obtained by reconstructed interface is
not consistent with the original volume fraction used to reconstructed the interface in the
corresponding mixed cell, is observed.
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Fig. 1.7 Principle of the traditional VOF methods: (a) an accurate interface and the volume
fraction value in each cell; (b) the SLIC interface reconstruction, where all line segments
are parallel to one coordinate axis; (c) a PLIC interface reconstruction with unconnected
line segments across each cell; the normal vector m = −∇C is approximated either by the
volume fraction gradient.
Volume fraction error in the mixed cells is mainly concerned in these methods to pre-
serve mass conversation during interface reconstruction and evolution, however, due to the
approximation of the normal of reconstructed interface, the interface description (the normal
and intercept of reconstructed interface) has a slight difference between the accurate inter-
1.7 Research contents 27
face and reconstructed interface in these methods, especially in the areas lack of volume
fraction informations to reconstruct the interface. Furthermore, due to the deflection of the
interface description, the volume fraction, obtained by the integral of the reconstructed inter-
face, is inconsistent with the original volume fraction in the same mixed cell, which is used
for the normal approximation of reconstructed interface. Moreover, interfaces constructed
by traditional VOF methods usually lose connectivity on the adjacent mixed cell boundaries,
depending on the specified parameters and initial conditions. Lack of connectivity on the
cell boundaries causes a slight deflection for evaluating the volume fraction flux [54, 111].
1.7 Research contents
To achieve the numerical simulation for rain-wind-induced vibration, the thesis contains a
series of research topics, divided into six chapters and organized as follows,
Chapter 1 gives a brief introduction of research motivations, the development of cable-
stayed bridge, the various types of the stay cable vibration problem (including vortex in-
duced vibration, wake galloping, parametric excitation vibration, and rain wind induced
vibration), a review on research activities related to RWIV (including field measurement,
wind tunnel experiments, analytical model, and numerical investigations), and the layout of
the thesis.
Chapter 2 performs the separated method on the rain wind induced vibrations to inves-
tigate the phenomena of rain wind induced vibration(RWIV) based on the assumptions that
the rivulets regarded as a fixed solid surface attached on the cable, which is correspond-
ing to the artificial rivulets wind tunnel tests. Incompressible Navier-Stokes equations are
employed, and MILES model is also incorporated to simulate the subgrid-scale modeling
effect. Investigations on the position of artificial rivulet effects on the vortex shedding struc-
ture, pressure distribution around the cylinder surface, and the lift force dominant frequency
are conducted. The dominant frequency shifting from the convectional Von Karman vor-
tex shedding frequency to the conventional Von Karman vortex shedding frequency has no
relationship with the positions of artificial rivulets at static.
Chapter 3 presents the semi-coupled and coupled methods on the rain wind induced
vibrations. The semi-coupled method can capture the rainwater evolution along the circum-
ference of cylinder surface. Furthermore, during this process, the rainwater gathering and
forming two symmetry rivulets attached on the circumference of cylinder near the separation
points is observed. However, the rainwater rivulets are formed just considering the effects
of gravity, surface tension and the force induced by the wind, ignored that the effects of
turbulent energy transfer across the multiphase interface, the high-nonlinear interface oscil-
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lating, and also introduced the assumptions that the total of the water attached on the cable
is constant in order to keep the volume conservation, and the thickness of the rivulet has a
symmetry conditions during the evolution. The coupled method, the evolution of rain water
surrounding the cable under the combined pressure, shear, surface tension and gravity has
been observed and captured more accurately and precisely. Rainwater rivulets are formed
near the separated point around the cable when the wind flow around the cylinder, and the
aerodynamic force has a jump around the rainwater rivulets near the separation points.
Chapter 4 explores the multi-scale simulation based on a two-way coupling Lagrangian
particle approach combined with a VOFmethod. The numerical schemes and numerical con-
siderations are summarized, including the multiphase incompressible Navier-Stokes equa-
tions, Lagrange point particle(LPP) advection equations, the two way coupling term and the
transformation rules between LPP and VOF-resolved interface, the temporal discretization
and spatial discretization, numerical rain model, transformation from the physical model
to computational model, parameters selections and denitions, and boundary conditions. Fi-
nally, the modeling limitations are discussed.
Chapter 5 extends the numerical multiphase and multiscale model to numerical results,
including validations and discussions of rainwater morphology evolution and the aerody-
namic characteristics of the cylinder subjected to wind and rain. Both the circumferen-
tially vibrating upper rivulet and Von Karman vortex shedding shift to a much lower value
phenomena has been clarified. In the entire process of rain dropping, we distinguish four
different patterns: collision–splashing, accumulation–slipping, formation–breaking, and dy-
namic equilibrium. The dynamic characteristics of rivulet is that it oscillates periodically
along the circumference of cylinder surface with a dominant frequency f = 0.9765 Hz. Fur-
thermore, the rainwater morphology evolution over the circumference of cylinder surface
is characterized by the wind inflow velocity, and exhibits diverse morphological character-
istics under various wind inflow velocities. Corresponding to each pattern, four significant
features of the stay cable lift force coefficient are categorized: the liquid–solid collision, the
liquid–liquid collision, the slow-compound–wave-shape process, and the sharp-compound
process. During the dynamic equilibrium state, the circumferentially periodically vibrating
upper rivulet with a dominant frequency attributed to that the flow pattern transferred from
between the laminar separation, transition, reattachment and turbulent separation to direct
turbulent separation from the cylinder. The upper separation point oscillating forcibly and
synchronously with the circumferentially periodically vibrating upper rivulet dramatically
and consequently changed the Von Karman vortex shedding structure, and shifted the con-
vectional Von Karman vortex shedding frequency to a much lower value.
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Chapter 6 summarizes the main conclusions of the thesis, and a brief recommendation
is presented.

Chapter 2
Numerical simulations for RWIV of stay
cables based on the separated method
2.1 Introduction
A series of wind tunnel experiments indicated that the average positions of rainwater rivulets
affect significantly the aerodynamic characteristics of stay cable[82, 83, 81, 85]. In this chap-
ter, the separated method is implemented to investigate the effects of the average positions
of rainwater rivulets(consistent with the wind tunnel tunnel experiments) on the aerody-
namic characteristics of stay cable, the vortex shedding behind the cable, and the dominant
frequency of the lift force coefficient of stay cable.
In this chapter, the incompressible Navier-Stokes equations are employed in the sepa-
rated method, and the monotone integrated large eddy simulation (MILES) is also incorpo-
rated to simulate the subgrid-scale modeling effect. Various artificial rivulets locations are
given, and the effects of the locations of the artificial rivulets on aerodynamic characteristics
of the cable are investigated.
2.2 Assumptions and limitations
From physics aspect, the separated method assumes that the rivulets are considered as fixed
solid surfaces attached on the cable, corresponding to the artificial rivulets wind tunnel
tests [82, 83, 81, 85], and MILES model is also incorporated to simulate the subgrid-scale
modeling effect.
Due to the assumptions, the separated model can not obtained the rainwater morphology
evolutions along the circumference of cable surface, the effects of the dynamic rivulet on
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the aerodynamic characteristics of the cable are ignored in this model, and the turbulent
transport phenomenon across the multiphase interface can not be captured, either.
2.3 Governing equations of the separatedmethod for RWIV
of stay cables
The separated method is based on Navier–Stokes equations of incompressible fluid, which
are summarized as follows,
∇ ·u = 0, (2.1)
∂u
∂ t
+(u ·∇)u =− 1
ρ
∇p+∇ ·

µ
ρ
�
∇u+∇uT


+ f , (2.2)
where ρ and µ are the density and viscosity of fluid, respectively; u = (u,v) represents the
velocity of fluid; p is the pressure; and f is the gravity force. These equations and the follow-
ing ones are solved using the Gerris flow free software(http://gfs.sourceforge.net/wiki/index.php/Main_Page).
2.4 Boundary conditions and parameter selections for the
separated method
2.4.1 Boundary conditions
ADirichlet boundary condition is set up for the left-hand boundary of the flow field at inflow
wind velocity. An outflow boundary condition is imposed on the right-hand boundary, and
a symmetry boundary condition is imposed on the top and bottom boundaries for the wind.
On the solid surface, a no-slip boundary condition is imposed for the air(Fig.2.1). Moreover,
to speed up the calculation, parallel calculation is adopted and each processor worked in the
flow domain is also shown in Fig. 2.1 by different colors zones.
Fig. 2.1 Multi-processors work distribution and boundary conditions.
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2.4.2 Parameter selections
The initial parameters used in this numerical study are given as follows. The MILES SGS
model is employed to simulate the turbulent effects when the wind flows past the cable.
The Reynolds number reaches 5× 105 at each case, and the gird level is 211(i.e., the grid
number is 211 per each length). Here, we define the attached angle(θ ) shown in Fig.3.7. Five
cases are categorized depending on the positions of the artificial rivulets(CASE A: θ = 72◦,
CASE B: θ =±75◦, CASE C: θ = 60◦, CASE D: θ = 45◦, and CASE E: θ =±45◦). From
the numerical simulation cases, the effects of rivulet positions on the vortex shedding and
aerodynamic force are presented.
θ
Fig. 2.2 The attached angle definition in the separated method.
2.5 Numerical simulations for RWIV of stay cables based
on the separated method
2.5.1 Vortex shedding characteristics analysis
The artificial rivulet attached on the cable surface affects significantly on the vortex shedding
when the wind flows past the cable as shown in Fig. 2.3, 2.4, 2.5, 2.6, and 2.7. It should
be noted that the artificial rivulet changes the structure of vortex shedding behind the cable.
The Von Karman vortex shedding behind the cable is presented in Fig. 2.3, 2.4, 2.5, 2.6, and
2.7 with the artificial rivulets at 60◦, 45◦, ±45◦, 72◦, and ±75◦. The Von Karman vortex
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(a) t = 3s (b) t = 4s
(c) t = 5s (d) t = 6s
(e) t = 7s (f) t = 8s
(g) t = 9s (h) t = 10s
Fig. 2.3 Vortex shedding around the cable when the artificial rivulet is fixed at θ = 60◦
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(a) t = 3s (b) t = 4s
(c) t = 5s (d) t = 6s
(e) t = 7s (f) t = 8s
(g) t = 9s (h) t = 10s
Fig. 2.4 Vortex shedding around the cable when the artificial rivulet is fixed at θ = 45◦
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(a) t = 3s (b) t = 4s
(c) t = 5s (d) t = 6s
(e) t = 7s (f) t = 8s
(g) t = 9s (h) t = 10s
Fig. 2.5 Vortex shedding around the cable when the artificial rivulet is fixed at θ =±45◦
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(a) t = 3s (b) t = 4s
(c) t = 5s (d) t = 6s
(e) t = 7s (f) t = 8s
(g) t = 9s (h) t = 10s
Fig. 2.6 Vortex shedding around the cable when the artificial rivulet is fixed at θ = 72◦
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(a) t = 3s (b) t = 4s
(c) t = 5s (d) t = 6s
(e) t = 7s (f) t = 8s
(g) t = 9s (h) t = 10s
Fig. 2.7 Vortex shedding around the cable when the artificial rivulet is fixed at θ =±75◦
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shedding structures manifest significantly different when the artificial rivulets are located
various positions along the circumference of cable surface. From the results obtained by
the separated method, the positions of artificial rivulets along the circumference of cable
change the structure of Von Karman vortex shedding behind the cable, when the wind flows
past the cable.
(a) (b)
(c) (d)
Fig. 2.8 Average and fluctuating pressure coefficient distribution around the cable surface:
(a)average pressure coefficient for Case A, (b) fluctuating pressure coefficient for Case A,
(c)average pressure coefficient for Case B, and (d) fluctuating pressure coefficient for Case
B.
Furthermore, the positions of artificial rivulets along the circumference of cable change
the fluid structure, when the wind flows past the cable. Here, the attached angle(θ ) is de-
fined as the position of artificial rivulet along the circumference of cable. When θ = 45◦(Fig.
2.4), the kinetic energy of wind can not be dissipated when the wind flows past the artificial
rivulet, which is located ahead of the separation point. This phenomena can be also captured
when θ =±45◦(Fig. 2.5), and the flow structure is separation-attachment-separation. How-
ever, when θ = 60◦(Fig. 2.3), θ = 72◦(Fig. 2.6), and θ = ±75◦(Fig. 2.7), the wind flow
can not provide enough kinetic energy when the wind flow past the artificial rivulets which
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(a)
(e)
(b)
(c) (d)
(f)
Fig. 2.9 Average and fluctuating pressure coefficient distribution around the cable surface:
(a)average pressure coefficient for Case C, (b) fluctuating pressure coefficient for Case C,
(c)average pressure coefficient for Case D, (d) fluctuating pressure coefficient for Case D,
(e)average pressure coefficient for Case E, and (f) fluctuating pressure coefficient for Case
E.
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is located near the separation point, and the vortex shedding behind the artificial rivulets
radiates backward. The wind is direct separation from the cable surface, and has no chance
to attach. The flow separated from the positions of the artificial rivulets directly due to the
presence of the artificial rivulets(located near the separation points). From the results ob-
tained by separated method, the positions of artificial rivulets along the circumference of
cable change the flow pattern, i.e., separation direct from cable surface, when the positions
of artificial rivulets satisfy θ ≥ 60◦; and separation-attachment-separation when θ < 60◦.
2.5.2 Pressure distribution characteristics analysis
The average and fluctuating pressure coefficient distribution around the cable surface are
shown in Fig. (2.8) and (2.9). It can be seen from Fig. (2.9) that the average pressure
coefficient distribution exhibits symmetrically around the cable surface, while the fluctuat-
ing pressure coefficient distribution shows a approximating symmetry at the case without
artificial rivulet fixed on the circumference of cable. While, when the artificial rivulet is
fixed at 60◦ along the circumference of cable, both the average and the fluctuating pressure
coefficient distribution near the artificial rivulet have a sudden jump due to the artificial
rivulet presence. Additionally, the positions of artificial rivulets affect significantly the fluc-
tuating pressure coefficient distribution around the cable surface, and finitely on the average
pressure distribution. These characteristics are also observed from the Fig. (2.8).
It can be seen that the position of artificial rivulet affects more significantly the fluc-
tuating pressure coefficient distribution, when the positions of rivulets locate ahead of the
separation point(as shown in Fig. (2.8)) than the around the separation point(shown in Fig.
(2.8)). This may be attributed to the fact that the flow pattern changes from direct separation
from cable surface to separation–attachment–separation when the artificial rivulet lies ahead
of the separation point, while when the artificial rivulet approaches to the separation point,
the flow separated from the cable directly. Additionally, the effect range of the former case
is larger than the latter, which would lead to strengthening and intensifying the fluctuating
pressure distribution around the cable.
2.5.3 Aerodynamic forces characteristics analysis
The time evolutions of lift force coefficient and the power spectrums of lift force coefficient
of each case are shown in Fig. (2.10) and (2.11). It can be seen that the dominant frequen-
cies of lift force coefficient are fcaseA = 11.754Hz, fcaseB = 12.425Hz, fcaseC = 13.292Hz,
fcaseD = 13.155Hz, and fcaseE = 13.292Hz, respectively. When the artificial rivulets fixed
on different positions along the circumference of cable. The rivulets along the circumfer-
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(a) (b)
(c) (d)
Fig. 2.10 Lift force coefficient evolution(LFCE) with time and the power spectrum of lift
force coefficient(PSLFC): (a) LFCE for Case A, (b) PSLFC for Case A, (c) LFCE for Case
B, and (d) PSLFC for Case B.
ence of cable lie ahead of the separation point(without artificial rivulet case as shown in Fig.
(2.11)) would increase the intensity of fluctuating wind inflow velocity, which leads to the
dominant frequency increasing for case C, case D and case E. However, when the positions
of rivulets along the circumference of cable lie around the separation point(without artificial
rivulet case as shown in Fig. (2.10)) would decrease the intensity of fluctuating wind inflow
velocity, which leads to the dominant frequency increasing for case A and case B. While the
lift force coefficient dominant frequency is considered as being equal to the Von Karman
vortex shedding frequency. Consequently, the position of rivulet along the circumference of
cable influences the dominant frequency of the lift force weakly and finitely, i.e., before the
separation point, the Von Karman vortex shedding frequency increases finitely; and around
the separation point, the Von Karman vortex shedding frequency decreases.
It should be noted that the conventional Von Karman vortex shedding frequency, eval-
uated from Strouhal number, the diameter of cable model, and the wind inflow velocity as
fv = StU/D=15.44, approaches to the dominant frequency of lift force coefficient. How-
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(a)
(e)
(b)
(c) (d)
(f)
Fig. 2.11 Lift force coefficient evolution(LFCE) with time and the power spectrum of lift
force coefficient(PSLFC): (a) LFCE for Case C, (b) PSLFC for Case C, (c) LFCE for Case
D, (d) PSLFC for Case D, (e) LFCE for Case E, and (f) PSLFC for Case E.
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(a) (b)
(c) (d)
Fig. 2.12 The U -component and V -component mean velocity distribution(UMVD and
VMVD) around the cable surface: (a) UMVD for Case A, (b) VMVD for Case A, (c)
UMVD for Case B, and (d) VMVD for Case B.
ever, due to the occurrence of dynamic rivulets during RWIV as reported in the previous
researchers[83, 5], the frequency shifting phenomena, i.e.the Von Karman vortex shedding
frequency directly obtained from the spectra of the fluctuating velocity shift to a much lower
value than the conventional Von Karman vortex shedding frequency(the dominant frequency
of vortex shedding decreases), occurs. Although the mechanics of frequency shifting from
the convectional Von Karman vortex shedding frequency to the Von Karman vortex shed-
ding frequency in RWIV is still unknown, it can be pointed out that the dominant frequency
shifting from the convectional Von Karman vortex shedding frequency to the Von Karman
vortex shedding frequency has no relationship with the average positions of artificial rivulets
at static.
The U -component and the V -component mean velocity distributions around the cable
are shown in Fig. (2.13) and (2.13) divided by the different positions of artificial rivulets
along the circumference of cable, respectively. The positions of artificial rivulets play a
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(a)
(e)
(b)
(c) (d)
(f)
Fig. 2.13 The U -component and V -component mean velocity distribution(UMVD and
VMVD) around the cable surface: (a) UMVD for Case C, (b) VMVD for Case C, (c) UMVD
for Case D, (d) VMVD for Case D, (e) UMVD for Case E, and (f) VMVD for Case E.
46 Numerical simulations for RWIV of stay cables based on the separated method
significant role in these mean velocity distributions around the cable, i.e., when the attached
angle of the artificial rivulet is less than 72◦, there would exist a sharp decrease both in
the U -component and in the V -component mean velocity distributions around the cable,
which may be attributed to the fact that the flow pattern changes from separation directly to
separation–attachment–separation due to the presence of artificial rivulet along the circum-
ference of cable(as shown in Fig. (2.13)); while when the attached angle of artificial rivulets
are greater than 72◦(as shown in Fig. (2.12)), there is not such a drop in mean velocity
distribution around the cable, which may be attributed to that the wind flows past the cable
and directly separated from the cable surface and the flow pattern is not changed.
2.6 Brief summary
The separated method is implemented to investigate rain wind induced vibration(RWIV)
based on the assumption that the rivulets regarded as a fixed solid surface attaching on the
cable, corresponding to the artificial rivulets wind tunnel experimental locations. Incom-
pressible Navier-Stokes equations are employed, and MILES model is also incorporated to
simulate the subgrid-scale modeling effect. Various artificial rivulets positions are given,
and the effects of these positions on aerodynamic characteristics of the cable are investi-
gated. In addition, the pressure distribution and the aerodynamic force analysis are also
included.
The position of artificial rivulet affects the vortex shedding structure significantly, and it
would change the dominant frequency of Von Karman vortex shedding finitely. Furthermore,
the positions of artificial rivulets along the circumference of cable change the fluid structure,
i.e., flow structure is separation-attachment-separation when the artificial rivulet lies ahead
of the separation point; while flow structure separated from the cable surface directly when
the artificial rivulet lies around the separation point.
Both the average and the fluctuating pressure coefficient distribution near the artificial
rivulet have a sudden jump due to the artificial rivulet presence, and the positions of artificial
rivulet affects more significantly on the fluctuating pressure coefficient distribution around
the cable than the average pressure distribution.
The position of rivulet along the circumference of cable influences the dominant fre-
quency of the lift force weakly and finitely, i.e., before the separation point, the Von Kar-
man vortex shedding frequency increases finitely; and around the separation point, the Von
Karman vortex shedding frequency decreases. Furthermore, the phenomenon, the domi-
nant frequency shifting from the convectional Von Karman vortex shedding frequency to a
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much lower value, is not related to the positions of artificial rivulets, when both the artificial
rivulets and the cable are in static.

Chapter 3
Numerical simulations of RWIV based
on semi-coupled and coupled methods
3.1 Introduction
Considering the separated model limitations that can not capture the evolution process of
rainwater rivulet, the semi-coupled model(SCM) is implemented to investigate the phenom-
ena of rain–wind-induced vibration(RWIV) of stay cable. The SCM simplifies Navier-
Stokes equations and force balanced equations on the interface with the lubrication the-
ory as a rainwater height evolution equations. Consequently, rainwater morphology evolu-
tion along the circumference of cable surface can be obtained. However, the semi-coupled
method ignored the turbulent transport effects across the multiphase interface and the com-
plicated coupling phenomena between gas-liquid-solid interfaces. Additionally, the high
nonlinear and complicated gas-liquid interface can not be captured in the semi-coupled
method. Here, volume of fluid(VOF) method is employed to track the high nonlinear and
complicated multiphase interface in coupled method. Both the rainwater rivulets evolution
and the aerodynamic characteristics of cable can be captured to make a better understanding
of the underlying mechanism of RWIV.
This chapter will be organized as follows. Firstly, the assumptions, limitations and prepa-
rations for numerical model are given. Secondly, the semi-coupled model will be presented
in this chapter, and the detailed analysis for semi-coupled method will be given. Finally, the
coupled method of RWIV will be presented, and the brief conclusion will be summarized.
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3.2 Assumptions, limitations and preparations for numer-
ical model
3.2.1 Assumptions
For the semi-coupled method, a simplified 2D model for a thin film surrounding a cable sub-
jected to gravity and surface tension based on lubrication theory has been developed[110].
Supposing that a constant volume of the thin water film attached on the cable, the wind
effect on rainwater attached on the cable viewed as a source term added in the background
momentum equations to simplify the Navier-Stokes equations with the lubrication theory
[69, 68, 67, 113, 136, 135, 16, 14].
For the coupled method, both rainwater morphology evolution and the recurrence of
circumferentially oscillating upper rivulet are mainly determined by the wind inflow velocity
or Reynolds number, which has been validated by both the experiments[5] and numerical
simulations with the simplified models[68, 67, 113, 136, 135, 15, 16, 14, 13]. Therefore, as
compared with the 3-D model, the location, geometry, and oscillation of rainwater rivulet
along the axis of cable are assumed to be homogenous and the secondary axial flow and
three dimensional nature of wind-cable environment are ignored in the present 2-D model.
Additionally, the assumptions that the volume of rainwater film attached on the cableis
constant should be satisfied.
3.2.2 Limitations
For the semi-coupled method, the high nonlinear multiphase interface evolution can not be
captured. Furthermore, the aerodynamic characteristics of cable can not be obtained, and
the turbulent transport phenomena can not be considered into the numerical model.
Both for the two methods, the rain effects are considered as a thin film attached on the ca-
ble surface, furthermore, the total volume of rainwater keeps constant. Both two numerical
models adopt the 2D model, however, it should be noted that 3D direct numerical simula-
tion(DNS) for subcritical and multiphase flow is extremely complex and time consuming,
therefore, a 2D model was adopted to alleviate the computational resources both for the
semi-coupled and coupled methods, considering the axis direction of rainwater morphology
evolution on the cable are uniform. And the 2D model is reasonable and creditable both
from the physical mechanism and from the previous research works.
It is true that there still exist some limitations of this 2-D model, e.g., neglecting the sec-
ondary axial flow. However, considering the validation results and numerical efficiency, it
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is believed that the simulation based on a 2-D stationary model is quite useful to understand
the phenomena of rainwater morphology evolution under different wind inflow velocities.
With the simplifications, the possible effects on the numerical results are explained as
follows: the inhomogeneities of the locations, geometries, and oscillations of the rainwater
rivulets along the axis of cable can not be captured and observed.
3.2.3 Preparations
Before we do the numerical simulations based either on the semi-coupled method or cou-
pled method, a transformation from the physical domain in Fig. 4.2(a) to the computational
domain in Fig. 4.2(b) is performed to convert the parameters, initial conditions, and bound-
ary conditions of the 3-D stay cable model to 2-D model. Here, the reduced gravity(gN) and
the reduced wind velocity(UN) employed in the present 2-D model depend on the inclination
and yaw angle of the 3-D stay cable are given as,
gN = gcosα,UN =
U cosβ
cosδ
, (3.1)
where α and β represent the incline and yaw angles, respectively. The angle between gN
andUN is Ψ, and δ +Ψ = pi/2, where
δ = arctan(sinα tanβ ). (3.2)
U
α
α
g
Ng
β
β
NU
ψ
δ
Cylinder
NU
Ng
δ
(a) (b)
Fig. 3.1 Transformation from 3-D stay cable to 2-D model: (a) spatial position of the 3-D
stay cable, and (b) the computational 2-D model.
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3.3 Numerical simulation of RWIV based on semi-coupled
method
3.3.1 Governing equation for semi-coupled method
The rainwater running down along a stay cable under the combination gravity and surface
tension are governed by incompressible Navier-Stokes as follows,
∇ ·u = 0, (3.3)
ρ
Du
Dt
= ρgN−∇p+∇(µ∇ ·u) , (3.4)
Dh
Dt
= u, (3.5)
where, u is the velocity of rainwater; ρ and µ are the density and viscosity of rainwater,
respectively; p is the pressure; h is the thickness of rainwater attached on the cable; and gN
is the gravity force. Here, cylindrical coordinate system (er ,eθ , z) is introduced, and we
can obtain that,
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where u = (ur,uθ ,uz) is the velocity of rainwater, and the r = R+ h(here, R represents
the radius of cable). The governing equations (3.6), (3.7), (3.8), (3.9), and (3.10) with the
boundary conditions as follows,
(1)The no-slip boundary conditions at the cable surface for the rainwater,
u|r=R = (ur,uθ ,uz)|r=R = 0, (3.11)
(2)The normal stress across the interface balances with the surface tension,
n ·T ·n = κσδs. (3.12)
Here, T = −pI + τ is the total stress tensor; σ and κ are the coefficient of surface tension
and the curvature of the rainwater surface, respectively; and δs is the Dirac function, which
represents the locations of the multiphase interface between the wind and rainwater. And
the shear stress at the surface is balanced by the gradient in surface tension(here, ∇σ = 0),
hence,
n ·T · t = 0. (3.13)
In addition, the specify symmetry conditions and conservation of the fluid volume should
be required,
∂h(0, t)
∂θ
= 0;
∂h(pi , t)
∂θ
= 0;
Z 2pi
0
h0(θ , t)dθ =V0. (3.14)
The governing equations should be then non-dimensionalized. A characteristic length
scale for flow in the radial and azimuthal direction is the initial mean film thickness, D.
Viscous scales are used for the radial and azimuthal velocity, µ/R and µ/D respectively.
A balance between the viscous stress and azimuthal pressure gradient lends to the pressure
scale ρµ2R/D3. Timescale for the flow is RD/µ . New coordinate ξ = r−R is employed.
Then, the 2D case of the scaled radial component of equation is given as,
ε3

Ut +UUξ +
V
1+ εξ
Uθ −
V 2
1+ εξ

=−Pξ + ε2

1
1+ εξ
[(1+ εξ )U ]ξ

ξ
+ε4
1
(1+ εξ )2
Uθθ − ε3
2
(1+ εξ )2
Vθ + ε
1
F2r
cosθ +
1
We
(1+ εξ )κδr~n (3.15)
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where ε = D
R
is the aspect ratio; Fr =
q
ν2
gD3
is the Froude number; and We = ρν
2
σD is the
Weber number. And the scaled azimuthal component takes the form as,
ε

Vt +UVξ +
V
1+ εξ
Vθ −
εUV
1+ εξ

=− 1
1+ εξ
Pθ +

1
1+ εξ
[(1+ εξ )V ]ξ

ξ
+ε2
1
(1+ εξ )2
Vθθ + ε
3 2
(1+ εξ )2
Uθ +
1
F2r
sinθ(3.16)
The solution of the equations mentioned above when ε≪ 1. Expand the dependent variables
in powers of ε ,
U =U0+ εU1+ ε
2U2+O(ε
3); (3.17)
V =V0+ εV1+ ε
2V2+O(ε
3); (3.18)
P= P0+ εP1+ ε
2P2+O(ε
3). (3.19)
At leading order in ε , the ξ− direction governing system is,
∂P0
∂ξ
=
1
We
(1+ εξ )κδrn, (3.20)
which represents the pressure dropped balance with the surface tension force in ξ−direction.
The θ− direction governing system is,
− ∂P0
∂θ
+
∂ 2V0
∂ξ ξ
+
sinθ
F2r
= 0, (3.21)
which represents the viscous stress balanced by the azimuthal pressure gradient and grav-
ity force. Based on the incompressible Navier-Stokes simplified equations and the force
balanced equations with the lubrication theory for 2D model, we can obtain the rainwater
height evolution equations attached on the cable surface as follows,
∂H
∂τ
=
∂

H3 cos(θ −δ )

∂θ
− 1
Bo
∂
h
H3

∂H
∂θ +
∂ 3H
∂θ 3
i
∂θ
+
MF2RN
2
∂
h
H3
∂Cp
∂θ +H
2 3C f
2ε
i
∂θ
. (3.22)
where the dimensionless height H(τ,θ) = h(t,θ)/h0 is scaled using the initial thickness
h0. The dimensionless time τ = (gNh20/3µR)t is composed by gravity tension gN and liquid
viscosity µ , R represents the radius of the cable. The first term represents gravity ten-
sion forced on the thin water film. In the first term, δ = arctan(sinα tanβ ) represents the
angle formed by gravity tension and the wind direction, and α , β is the wind-cable con-
figuration characteristic angle in 3D; θ is the azimuth angle around the cable. According
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to wind-cable configuration, gN = gcosα where g represents gravity force tension. The
second term in the right hand represents the surface tension forced on the thin water film,
and the Bond number Bo = ρgNR3/γh0, related the gravity force to mean surface tension,
where ρ represents the density of water, γ represents the surface tension coefficient between
air and water. The last term represents the wind force effected on the water film, where
M = ρair/ρliquid is the density ratio between air and water, FRN = uN/
√
gNR represents
Froude number, uN =U
q
cos2 β + sin2 β sin2 α , where U is the velocity of the wind. Cp,
C f represent the pressure and friction coefficients distribution around the circumference of
cable, respectively. ε = h0/R is the ration between the initial thickness of the water film
and the radius of the cable. The basic parameters for the semi-coupled method are given as
follows,
Table 3.1 Basic parameters for the semi-coupled method simulations of RWIV
Authors R(mm) Inclined Angle Yaw Angle MF2r B
−1
o
Seidel(2006)[118] 55 80◦ 90◦ 0.047 1.3×10−4
Matsumoto(1992)[83] 75 40◦ 45◦ 0.095 1.2×10−5
Hikami(1988)[58] 70 45◦ 45◦ 0.16 1.5×10−5
Gu(2005)[51] 60 25−45◦ 25−45◦ 0.069 1.9×10−5
Li(2010)[70] 50 30◦ 22.5◦ 0.014 6.9×10−2
3.3.2 The rainwater morphology evolution on a stay cable
Two rivulets are symmetrically formed near the 60◦ and 300◦ along the circumference of
cable as shown in Fig. (3.2), (3.3), (3.4), (3.5), and (3.6). The symmetrical rivulet can
be observed and obtained near the separation point, when the wind flows past the cable.
The topological shape evolution of rainwater just exhibits the height evolution, the average
positions of rainwater rivulets does not change significantly. Hence, the circumferentially
vibrating rivulet on the cable surface is not observed, which may be attributed to simplify
the pressure and friction coefficient distribution around the cable as a dry surface, without
considering the effects of the dynamic rivulet reacting on the flow field. The rivulet actu-
ally changes the shapes of the cross section of cable, and it would lead the aerodynamic
characteristics changes when the wind flows past the cable. From all the tests based on the
semi-coupled methods as shown in Fig. (3.2), (3.3), (3.4), (3.5), and (3.6), the two rivulets
would be formed near the separation points, and the evolution of rainwater attached on the
cable surface has a self-similarity, especially for the positions of rainwater rivulet. In the
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subcritical Reynolds number range, the rainwater rivulets can be formed due to the negative
pressure gradient.
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Fig. 3.2 Rainwater morphology evolution with time based on the semi-coupled method of
Seidel[118] case.
Due to the various parameters adopted in the semi-coupled method case illustrated in
Table. 3.1, the morphology evolutions of the rivulet differ from case to case. For the Seidel
case as illustrated in Fig. (3.2), the thickness are changing sharply before t =0.0003 s, and
then after this fixed time point, the thickness of rivulet reaches stably and around hmax ≈
1.08mm. And the morphology of rivulet exhibits relatively symmetrical. However, the
other cases, Matsumoto case as illustrated in Fig. (3.3), Hikami case as illustrated in Fig.
(3.4), Gu case as illustrated in Fig. (3.5), and Li case as illustrated in Fig. (3.6), the thickness
changes sharply both for the upper and lower rivulets. The morphology exhibits imperfectly
symmetrical: the range of upper rivulet enlarges with time, while the thickness of upper
rivulet increases gradually at first, and then keeps stable; the range of lower rivulet keeps
stable and the thickness of the lower rivulet enlarges with time. These characteristics of
rainwater rivulet are consistent with wind tunnel experimental results [70].
It should be noted that the semi-coupled method can capture the rainwater evolution
along the circumference of cable surface. Furthermore, during this process, the rainwa-
ter gathering and forming two symmetry rivulets attached on the circumference of cable
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Fig. 3.3 Rainwater morphology evolution with time based on the semi-coupled method of
Matsumoto[83] case.
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Fig. 3.4 Rainwater morphology evolution with time based on the semi-coupled method of
Hikami[58] case.
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Fig. 3.5 Rainwater morphology evolution with time based on the semi-coupled method of
Gu[51] case.
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Fig. 3.6 Rainwater morphology evolution with time based on the semi-coupled method of
Li[70] case.
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near the separation points is observed. However, the rainwater rivulets are formed just con-
sidering the effects of gravity and the force induced by the wind, ignored that the effects of
surface tension, turbulent energy transfer across the multiphase interface, the high-nonlinear
interface oscillating, and also introduced the assumptions that the total of the water attached
on the cable is constant in order to keep the volume conservation, and the thickness of the
rivulet has a symmetry conditions during the evolution.
3.4 Numerical simulation of RWIV based on the coupled
method
The couple method, which employs volume of fluid(VOF) method for tracking the multi-
phase interface between the wind and the rainwater films surfaces, is based on the assump-
tions that an artificial rainwater film attaches on the surface of cable and the total volume of
rainwater is constant due to the rainwater virtual boundary conditions during the rainwater
morphology[13].
3.4.1 Governing equation for the coupled method
In coupled method, the incompressible Navier–Stokes equations for the multiphase fluid are
summarized as follows,
∇ ·u = 0, (3.23)
∂ (ρu)
∂ t
+∇(ρu ·u) =−∇p+∇ ·

µ
�
∇u+∇uT

+ f +σκδsn, (3.24)
∂F
∂ t
+∇ · (uF) = 0, (3.25)
where ρ and µ are the density and viscosity of the fluid, respectively; u = (u,v) is the
velocity of the fluid; p is the pressure; δs is the Dirac delta function, which represents
the surface tension imposed on the interface between the liquid and the gas; n is the unit
normal vector at the interface; σ is the surface tension coefficient; κ is the curvature of
the interface; and f is the gravity as a source term in Navier–Stokes momentum equa-
tions. These equations and the following ones are solved using the Gerris flow free soft-
ware(http://gfs.sourceforge.net/wiki/index.php/Main_Page).
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3.4.2 Computational domain decomposition, boundary conditions and
parameter selections
The computational domain was divided into two parts as shown in Fig. 3.7: the large eddy
simulation (LES) zone, which was far from the surface of the cable, and the direct numerical
simulation (DNS) zone, which was defined near the surface of the cable. The Dirichlet
boundary condition for the inflow wind velocity was set up for the left bounadry of the
flow field, the right boundary of the flow field adopted free outflow boundary condition, and
the top and bottom boundaries employed the symmetry boundary condition. For the solid
surface, the no-slip boundary condition was employed.
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Fig. 3.7 Computational domain decompositions and boundary conditions.
The parameters used in the numerical 2-D model are transformed from the 3-D inclined
cylinder [70] by Eqs.(4.22) and (4.23). Specifically, the inclination and yaw angles of
the cable are 30◦ and 22.5◦, respectively; the length and height of the computational do-
main(CD) are 5m and 1m, respectively; the grid level in DNS is 217(i.e., the grid sizes
are given in each direction as, δx = 2−17m and δy = 2−17m.) and the thickness of DNS
zone is 0.005m; the maximum of grid level in LES zone is 213; the maximum time step
requirement(∆tmax =10−8 s, ∆t < ∆tmax) during each time step, and the initial wind inflow
velocity is 7.72 m/s.
The adaptive mesh was employed in this simulation based on the vorticity gradient and
the curvature of the multiphase interface to capture the flow field characteristics in detail
and to ensure that high accuracy schemes are adopted for the multiphase interface recon-
struction.
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Table 3.2 Basic parameters for the coupled method simulation of RWIV
Parameter Value (SI units) Parameter Value (SI units)
Gravity(g) 9.81 Inclination angle (α) 30
Initial heights(h) 0.001 Yaw angle (β ) 22.5
Density of rainwater (ρp) 1000 Density of wind (ρ) 1.21
Viscosity of rainwater (µp) 0.00000101 Viscosity of wind (µ) 0.0000181
Diameter of cable(D) 0.1 Surface tension (σ ) 0.0728
3.4.3 Rainwater morphology evolution validation on a stay cable sub-
jected to gravity and surface tension
At the beginning of the simulation, only gravity of rain is considered to validate the simu-
lation results an wind is neglected. Surface tension is a contractive tendency of the water
surface, which resists an external gravity force. The vorticity and the volume of fluid evo-
lution process are shown in Fig. 3.8(the red colored zone represents the distribution of the
rainwater volume fraction) and Fig. 3.9(the colored zone represents the vorticity evolution),
respectively. It can be seen form Fig. 3.8 that at he beginning, the shape of the water changes
slowly before t = 0.25s. After t = 0.25s, the shape of water surrounding the cable changed
rapidly, and at t = 0.25s, there are some droplets dispersed in surrounding air, separated
form the cables. After that, the velocity of falling droplets increases quickly, which results
in the Reynolds number of falling droplets go beyond the limitation of the surface tension,
and then the large droplets change itself into many small shape of droplets in order to bal-
ance for the surface tension. After t = 0.4s, there are a lot of small droplets scattered in the
air. It can be seen form Fig. 3.9 that at he beginning, the vorticity changed also regularly
before t = 0.25s. At t = 0.3s, the vorticity disordered when the droplet will be separated
from the cable. After t = 0.35s, as the droplets scattered in the air, the vorticity changed
rapidly around the droplets, so the vorticity disordered completely in the whole flow field.
These features are consistent with Reisfeld(1992)[110].
3.4.4 Rainwater morphology evolution on a stay cable subjected to
gravity, surface tension and wind
Next, form process of rain water rivulet at a stay cable is simulated under wind, gravity
and surface tension. The simulation results of the evolution process of the shape of the rain
water represented by the volume of fluid are presented in Fig. 3.10(the colored zone repre-
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(a) t = 0.15s (b) t = 0.20s (c) t = 0.25s (d) t = 0.30s
(e) t = 0.35s (f) t = 0.40s (g) t = 0.45s (h) t = 0.50s
Fig. 3.8 Rainwater morphology evolution under the combination of gravity and surface ten-
sion.
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(a) t = 0.15s (b) t = 0.20s (c) t = 0.25s (d) t = 0.30s
(e) t = 0.35s (f) t = 0.40s (g) t = 0.45s (h) t = 0.50s
Fig. 3.9 Vorticity evolution under the combination of gravity and surface tension
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(a) t = 0.501s (b) t = 0.502s (c) t = 0.503s
(d) t = 0.504s (e) t = 0.505s (f) t = 0.506s
Fig. 3.10 Rainwater morphology evolution under the combination of gravity, wind inflow,
and surface tension.
sents the distribution of rainwater volume fraction) and 3.11(the colored zone represents the
fluctuation of the pressure field, and the green lines represent the rainwater morphology).
It can be seen from Fig. 3.10 that t = 0.50s, a film with a thickness of 1mm is initialized
surrounding on the cable surface, under the conditions that vortex shedding develops behind
the cable and forms a stability flow field. At t = 0.501s, the rivulets are gradually emerging,
which occurs from two conditions, i.e. one is near high pressure field point and the other
is at the location of negative pressure gradient. After the rivulets emerge, the profile of the
cable would be changed, which results in the will flow around the rivulets, the change in
pressure field. After 10000 time steps calculation, at t = 0.502s , the locations of the high
pressure point change around the cable, the locations of the rivulets change correspondingly,
actuated around the originated high pressure point comparing with t = 0.501s. As time goes,
the rivulets accumulate at the positions, which is near the separated point, and the rivulets
develop. The rivulets have an important effect on the cable aerodynamics due to the profile
change in cable cross-section, such as abrupt change in pressure, and large vorticity near the
cable breaking into many small ones. The rapid change in pressure field and vorticity field
near the rivulets result in the rivulets separating from the cable, make the droplets scatter
in the air. And then, the small pieces of the rivulets and droplets will further change the
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(a) t = 0.501s (b) t = 0.502s (c) t = 0.503s
(d) t = 0.504s (e) t = 0.505s (f) t = 0.506s
Fig. 3.11 Pressure field distribution evolution under the combination of gravity, wind inflow,
and surface tension.
vorticity structure near the separated point and break the big vorticity into many small ones.
In this way, the rivulets will suppress the vortex shedding when the wind flows to the cable
as shown in Fig. 3.10 3.11 and 3.12(the colored zone represents the vorticity distribution
around the cable, and the green lines represent the rainwater morphology at fixed time).
The force coefficient around the cable is distributed as followed in Fig. 3.13. The
pressure coefficient, before the initialization of thin rain water attaches on the cable, are
shown in Fig. 3.13(a). After t = 0.5s, at that time the initialization of the thin rain water
around the cable, the pressure coefficient increased apparently and abruptly in Fig. 3.13(b)
3.13(c) and 3.13(d). The peak value and the shape of pressure coefficient distributions
around the cable are changing with time. The differences are mainly concentrated in three
aspects. First, the abrupt peak value, which are caused by the formation and development
of the upper rivulet comparing the Fig. 3.13(a) with the Fig. 3.13(b), in the zone between
60◦ and 120◦ around the cable. From the Fig. 3.13(b) 3.13(c) and 3.13(d), the position of
peak value is also changed obviously and clearly, it will lead to the oscillation of the upper
rivulet. What’s more, the the second difference is mainly concentrated in the zone near the
180◦. The abrupt change is a result of the vortex shedding after the cable in high Reynolds
number, the part is a high frequency zones. It would changed the structure of the vortex
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(a) t = 0.501s (b) t = 0.502s (c) t = 0.503s
(d) t = 0.504s (e) t = 0.505s (f) t = 0.506s
Fig. 3.12 Vorticity evolution under the combination of gravity, wind inflow, and surface
tension.
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Fig. 3.13 Pressure coefficient distribution around the cable and their evolutions with time.
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shedding after the cable, breaking the large vortex into several small vortex, reduced the
effect of the vortex induced vibration. The last difference is in the zone between 240◦ and
300◦. This change is produced the lower rivulet around the cable. What’s more, it is obvious
that the peak value is lower than in the zone of between 60◦ and 120◦ from the Fig. 3.13(b)
3.13(c) and 3.13(d), but the zone between 240◦ and 300◦ is larger than upper rivulet zone,
which makes the lower rivulet more stable and flatter, occupy a relatively larger zone.
3.5 Brief summary
It should be noted that the semi-coupled method can capture the rainwater evolution along
the circumference of cable surface. Furthermore, during this process, the rainwater gath-
ering and forming two symmetrical rivulets attached on the circumference of cable near
the separation points are observed. However, the rainwater rivulets are formed just under
the effects of gravity, surface tension and the force induced by the wind, completely ig-
nored that the effects of turbulent energy transfer across the multiphase interface and the
high-nonlinear interface tracking. Furthermore, the assumption that the total volume of the
rainwater attached on the cable is constant to keep the volume conservation is introduced,
and the thickness of the rivulet has a symmetry conditions during the computational process,
and the thickness of the rivulet also introduced a symmetrical conditions in the model.
The evolution of rain water surrounding the cable under the combined pressure, shear,
surface tension and gravity has been observed and captured more accurately and precisely
in the coupled model. Rainwater rivulets are formed near the separated points around the
cable when the wind flows around the cable, and the aerodynamic force has a jump around
the rainwater rivulets near the separation points. However, it should be noted that the loca-
tion, geometry, and oscillation of rainwater rivulet along the axis of cable are assumed to
be homogenous and the secondary axial flow and three dimensional nature of wind-cable
environment are ignored in the present 2-D model as compared with the 3-D model, and
the inhomogeneities of the locations, geometries, and oscillations of the rainwater rivulets
along the axis of cable can not be captured and observed.

Chapter 4
Multiphase and multiscale model for
rain–wind-induced vibrations(RWIV)
4.1 Introduction
The impact of droplets on solid walls plays an important role in various industrial and en-
vironmental fields and especially for long cable-stayed bridge systems in civil engineering.
Most researchers have focused on theoretical and applied research on droplet collision with
a planar solid surface [100, 29, 36]. To the best of our knowledge, no studies have concen-
trated on droplet impact on a curved surface, such as a cylinder, especially at high Reynolds
number. Furthermore, droplet morphology evolution would lead to fluid structure instability
during droplet collision with a curved surface, especially for subcritical and multiphase flow.
This regularly occurs for inclined cables of cable-stayed bridges, and is known as rain-wind
induced vibration (RWIV). Under conditions of rain and wind in a turbulent flow, the stay
cables used in such bridge systems have been observed to experience vibrations with dra-
matic fluctuations in amplitude [58, 93, 179]. In addition, rain leads to the formation of
significant upper and lower rivulets that vibrate on the windward surface of the stay cable.
Due to the existence of the upper rivulet and its vibration around the circumference given by
the equilibrium cable position, some researchers have relied on analytical dynamic models
to investigate the mechanisms of the structure instability [163, 118, 101]. However, such
models fail to provide enough detailed information to describe the rainwater morphology
and aerodynamic characteristics of the cable.
Previous experimental studies have investigated the mechanics of the fluid structure in-
stability phenomenon that occurs when stay cables are subjected to wind and rain [82, 83,
81, 42, 21, 30, 51, 5, 52, 70, 35]. These experiments suggest that the presence of the upper
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rivulet is largely responsible for the intensity of the vibration; the rivulet oscillating around
the circumference of cable can be considered an amplifier of the entire process. Initial
attempts to capture the upper rivulet, used an ultrasonic transmission thickness measure-
ment system(UTTMS)–capable of measuring time-dependent spatial distribution of rainwa-
ter around the surface of an stay cable [70]. The location, geometry, and oscillation data of
rainwater rivulets were recorded and analyzed. However, current few wind tunnel designs
permit the synchronized simultaneous recording of the aerodynamic characteristics of the
stay cable and of the evolution of the rainwater morphology.
Numerical simulation is a convenient and cost-effective method to investigate the mech-
anism of aerodynamic characteristics and rainwater morphology distribution around the
cylindrical surface. To simulate the rain effects, three methods have been proposed to in-
vestigate these phenomena. First, the aerodynamic characteristics of a cylinder may be
derived, considering a convex hump fixed or with a pre-known rivulet vibrating trace on
the cylinder surface near the separated point as the effects of the rainwater morphology dis-
tribution around the cylinder surface [72, 71]. However, this does not consider rainwater
morphology evolution or the dynamic effects of the rainwater convex hump.
Second, a semi-coupled method has been studied [69, 68, 67, 113, 136, 135, 16, 14,
15, 134] that divides the time averaged multiphase Navier-Stokes equations into two parts:
background Navier-Stokes, similar to the single phase impressible Navier-Stokes system;
and multiphase interface tracking, obtained by simplified time averaged multiphase Navier-
Stokes equations based on lubrication theory in combination with the linear height function
of the interface tracking method. The background Navier-Stokes equations provide the
aerodynamic force coefficient, including the pressure and friction coefficient distribution
around the cylinder, as inputs to the multiphase interface tracking equations. The mul-
tiphase interface tracking equations provide the source term required in the background
Navier-Stokes equations. The inhomogeneity of the rainwater morphology distribution and
evolution around the circumference of cylinder can be tracked in this 2-D model. How-
ever, turbulence and accurate circumferential rainwater morphology distribution around the
cylinder are still difficult to address.
Finally based on the volume-of-fluid(VOF) method [13] the coupled method considers
an artificial rainwater film surrounding the surface of the stay cable and assumes a constant
total volume of rainwater owing to the artificial boundary conditions. The method makes
it possible to track the evolution of the rainwater morphology in a more straightforward
manner than by using Lemaitre’s model [69, 68, 67]. However, in a subcritical or critical
Reynolds number flow, both the aerodynamic characteristics and the flow pattern around
the cylinder are extremely sensitive to the cylinder boundary conditions [25, 115, 1, 97, 10],
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and the coupled method may be a not proper way to simulate the real rain effects in this
fluid structure instability phenomenon.
Although extensive experiments and numerical investigations have been conducted, the
accurate numerical simulation on the entire process of rainwater morphology evolution on
the circumference of cylinder subjected to wind is still insufficient. This study focuses on
a multiscale model for numerical simulation of the evolution of rainwater morphology on
a cylinder subjected to wind. The study aims at a quantitative analysis for the effect of the
rain infall intensity and tracking the rainwater morphology distribution around the cylinder
surface accurately and in detail.
A methodology for the multiscale model is proposed with the Lagrange point parti-
cle(LPP) tracking for the rain droplets in the LES zone, combinationwith volume-of-fluid(VOF)
method in DNS zone. Next, the governing equations are presented, which are adopted in
the proposed multiphase and multiscale model, and the numerical schemes and numerical
considerations are then presented. Finally, the modeling limitations are discussed in the end
of this Chapter.
4.2 Multiphase and multi-scale model
The model proposed in this manuscript is based on the decomposition of the computational
domain into two zones (Fig.4.1): large eddy simulation (LES) and direct numerical simu-
lation (DNS) zones. The LES zone is defined far from the surface, whereas the DES zone
is near the surface of the cylinder. The rain droplets, considered as Lagrangian particles in
LES zone, are converted into liquid droplets based on mass and momentum conservation
when they fall into DNS zone. The velocity and volume of each liquid droplet are computed
based on the mass and momentum of the corresponding rain droplet [107, 138].
Symmetry 
Inflow
(a) (b)
Outflow
LES Zone
Symmetry 
D
NS  Zon
e
D
50D
10D
hmax
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Fig. 4.1 Computational domain and parameters describing rainwater morphology:
(a)boundary conditions and computational domain, and (b) parameters describing rainwater
morphology.
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4.2.1 Governing equations for incompressible background fluid
The Navier–Stokes equations for an incompressible background fluid can be summarized
as,
∇ ·u = 0, (4.1)
∂ (ρu)
∂ t
+∇(ρu ·u) =−∇p+∇ ·

µ
�
∇u+∇uT

+ f +α1σκδsn+α2Φp, (4.2)
∂F
∂ t
+∇ · (uF) = 0, (4.3)
where ρ and µ are the density and viscosity of the fluid, respectively; u = (u,v) represents
the velocity of the fluid; p is the pressure; δs is the Dirac delta function at the interface; n is
the unit normal vector at the interface; σ is the surface tension coefficient; κ is the curvature
of the interface; f is the gravity force; the momentum source, Φp, represents the effects
of the dispersed phase simulated by the Lagrangian approach; F is the volume of fluid;
α1 is the VOF coupling coefficient, which equals unity if the interface is captured based
on the VOF method, and zero otherwise; and α2 is the Lagrangian particle (LP) coupling
coefficient, which equals unity if the droplets are captured based on the LP method, and
zero otherwise.
4.2.2 Method for tracking Lagrangian particles
The advection equations for the Lagrangian particles in the LES zone are
dxp
dt
= vp, (4.4)
mp
dvp
dt
= F p,flow+F p,external+F p,collisions, (4.5)
where mp, xp, and vp are the mass, position, and velocity, respectively, of the pth particle;
and F p,flow, F p,external, and F p,collisions are the forces acting on the pth particle generated by
the flow, external force, and force caused by collisions between the particles, respectively.
Note that F p,collisions was ignored in this study.
F p,flow = F p,D+F p,L+F p,I+F p,M, (4.6)
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where F p,D, F p,L, F p,I, and F p,M are the drag force, lift force, inertial force, and added mass
force, respectively, on the pth particle induced by the flow. Among the forces acting on the
Lagrangian particles, the drag force generated by the background fluid plays an important
role. This is given by
F p,D =−
3
4Dp
CD (Rep)ρVp

vp−u

 (vp−u), (4.7)
where Dp denotes the diameter of the pth particle; andCD is the drag coefficient, which is a
function of the Reynolds number Rep = ρDp

vp−u

/µ for the pth particle,
CD =
24
Rep
exp

−0.1F +0.201F 2−0.03537F 3+0.002537F 4

, (4.8)
where F = log(1+Rep).
4.2.3 Two-way coupling term and transformation rules
The momentum source, Φp, represents the effects of the dispersed phase simulated using
the Lagrangian approach,
Φp = lim
Vf→0
Np
∑
p=1
Vp
Vf

ρp

g− dvp
dt

+ρ

du
dt
−g

, (4.9)
where Vf is the control volume of the fluid, containing Np particles; and ρp and Vp are
the density and volume of the pth Lagrangian particle, respectively. The source term is a
combination of the net reaction force and the net buoyancy force; the former represents the
total force on the particle and the latter is the total force on the background air.
When LPP rain droplets fall into the pre-specified DNS zone, they are converted into
VOF-resolved droplets and the two-way coupling force is introduced in the grid. Further-
more, the LPP droplets are transformed into VOF-resolved droplets based on their proxim-
ity with the VOF interfaces. In the present study, when the distances between Lagrangian
particles and the VOF interface are less than a grid cell, the Lagrangian particles are also
transformed themselves into VOF-resolved droplets. In addition, to solve the Poisson equa-
tions efficiently and speed up the calculation process, adaptive mesh refinement [105, 138]
is used to capture the interface more accurately and calculated in paralleled. A small VOF
resolved droplet leads to expensive computational effort. Small VOF-resolved droplets may
appear after a breakup. Other VOF droplets escape out of the DNS zone. In both cases these
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droplets are converted into LPP droplets. The LPP point is assigned to the centroid of the
particles, and its velocity is initialized based on the momentum of the droplets.
4.3 Numerical schemes for multiphase andmultiscalemodel
4.3.1 General method
The Equations in the previous section are solved using the methods described in the litera-
tures [105, 106]. One discretizes the fields on an adaptive quad-tree grid, and uses a pro-
jection method for the pressure, the advection of the velocity fields is performed using the
second-order Bell-Collela-Glaz scheme, and momentum diffusion is treated partially implic-
itly. The interface is tracked using a Volume of Fluid (VOF) method with a Mixed Youngs-
Centered Scheme [9] for the determination of the normal vector and a Lagrangian-Explicit
scheme for VOF advection. Curvature is computed using the height-function method. Sur-
face tension is computed from curvature by a well-balanced Continuous-Surface-Force method.
Density and viscosity are computed from the VOF fraction C by an arithmetic mean. This
arithmetic mean is followed by several steps of iteration of an elementary filtering.
The set of equations are solved using the Gerris flow free software (http://gfs.sourceforge.net/wiki/index.ph
and the enhancements to the LPP module of Gerris developed by one of us (D. Fuster) [138].
4.3.2 Temporal discretization
A second-order accurate staggered time discretization can be implemented for the volume-
fraction/density and pressure fields. Based on the classical time-splitting projection method
[28, 103, 23], the discretized equations can be given as follows
ρ
n+ 12

u⋆−un
∆t
+u
n+ 12
·∇u
n+ 12

= ∇
h
µ
n+ 12
(Dn+D⋆)
i
+(σκδsn)n+ 12
+ f (4.10)
un+1 = u⋆−
∆t
ρ
n+ 12
∇p
n+ 12
(4.11)
∇ ·un+1 = 0. (4.12)
From Eqs. (4.11) and (4.12), a Poisson equation that gives the pressure is obtained:
∇ ·
 
∆t
ρ
n+ 12
∇p
n+ 12
!
= ∇u⋆ (4.13)
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The viscous terms are computed using the Crank-Nicholson scheme to insure the second
order accuracy in time and unconditional stability.
4.3.3 Spatial discretization
Quadtree partitioning is employed for the space discretization in two dimensions based on a
finite volumemethod. All the variables(components of the momentum, pressure and passive
tracers) are stored in the center of each cell in discretization volume. The divergence of
the auxiliary velocity field u⋆ appearing on the right-hand-side of discretization Poisson
equation is computed in each control volume as follows [105],
∇ ·u⋆ =
1
∆ ∑
f
u
f
⋆ ·n
f , (4.14)
where ∆ the length scale of control volume, n f the unit normal vector to the cell face, and
the u f⋆ the auxiliary velocity field computed using averaging of the cell-centered values on
all the faces of the Cartesian discretization volumes.
After solving the Poisson equation, the pressure correction is applied to the face-centered
auxiliary velocity field u fn+1, advancing the face-centered value as follows,
u
f
n+1 = u
f
⋆ −
∆t
ρ
f
n+ 12
∇ f p
n+ 12
, (4.15)
where ∇ f is a face-centered gradient operator. The cell-centered velocity field at time n+1
is obtained by applying a cell-centered pressure correction,
ucn+1 = u
c
⋆−






∆t
ρ
f
n+ 12
∇ f p
n+ 12






c
, (4.16)
here, | · |c operator representing averaging over all the faces delimiting the control volume.
We use the adaptive mesh refinement(AMR) techniques implemented in Gerris based
on the classical algorithms on regular Cartesian grids of different resolutions arranged hi-
erarchically [91, 6, 60, 90, 88, 4, 142, 105, 106, 121, 178, 2, 3]. The only modification
necessary is to allow coupling between grids at different levels through the boundary condi-
tions. Quad discretization deals with various levels of refinement locally through the use of
finite-difference operators adapted to work at fine/coarse cell boundaries.
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4.3.4 Smoothness for the source term in LES zone for Lagrangian par-
ticle tracking
Here, a Gaussian distribution with standard deviation σp is applied to the smoothed source
term Φp to ensure numerical convergence:
Φˆp =
Φpe
− |x−xp|
2
σ2p
�√
2piσp
D
, (4.17)
where the smoothed force Φˆp is distributed over only a surrounding area of width approxi-
mately 3σp to reduce the computational cost, x is the centre coordinate of the grid cell, and
xp is the centre coordinate of the p−th particle position.
4.4 Numerical considerations for multiphase andmultiscale
model
4.4.1 Rain model
Rain is a stochastic process, represented in our model by a drop size distribution (DSD)
[80, 12, 148],
N(d) = n0 exp

− d
hdi

;hdi−1 = 48.5R−
2
9 (4.18)
where n0 is the temperature-dependent Marshall-Palmer constant scale parameter(which at
ground level, depending on the temperature, is equal to 0.08 cm−4); hdi is the average
diameter; and R is the rain intensity.
In these DSDs, small droplets account for only a small fraction of the rainfall; how-
ever, for physical reasons, the numbers of droplets are overestimated for diameters smaller
than 0.5mm and larger than 6mm. Furthermore, the smaller the diameter of the droplets,
the larger the amount of computational resources needed, especially when the droplets fall
into the DNS zone captured by the VOF method in the numerical analysis. A simplified
rain model is proposed in this study to ensure consistency of the simplified model with the
original DSD based on mass, momentum, and energy conservation.
Assuming that droplets with diameters smaller than 0.5mm and larger than 6mm are
ignored, a cut-off spectrum with droplet diameters between 0.5mm and 6mm in the DSD
can be chosen. The characteristic diameters are defined as the mean diameters in the cut-off
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spectrum based on mass, momentum, and energy:
Dc,i =
R Dmax
Dmin
v(D)iN(D)D4dDR +∞
0 v(D)
iN(D)D3 dD
, (4.19)
where Dmin = 0.5mm and Dmax = 6mm represent the lower and upper diameter bounds,
respectively, of the cut-off spectrum; v(D) is the terminal velocity of the droplets; N(D) is
the number of droplets betweenD andD+dD computed from the DSD; andDc,i (i= 0,1,2)
are the characteristic mass, momentum, and energy diameters, respectively, of the droplets.
Based on the conservation laws, equivalent equations are established:
2
∑
i=0
Nc,iD
3
c,iv(Dc,i)
j = Tj, (4.20)
where Tj =
R +∞
0 v(D)
iN(D)D3dD ( j= 0,1,2) are the total volume, momentum, and energy,
respectively, in the rain intensity DSD; and Nc,i (i = 0,1,2) are the equivalent numbers of
droplets.
Finally, the problem is transformed to finding the set of optimal integral solutions in a
linear system:
min ||Ai jNc,i−Tj|| s.t. Nc,i > 0; Nc,i ∈ Z+, (4.21)
where Ai, j is the diameter matrix, composed of Dc,i and v(Dc,i); Nc,i are optimal variables.
Equation 4.21 is the objective function, and Nc,i > 0 and Nc,i ∈ Z+ are the constraint
conditions.
There are several feasible solutions for Equation 4.21. A non-negative least-squares al-
gorithm is employed to ensure the equivalent diameters of rain droplets, sensitive to fluid
structure interaction instability, verified by both field observation and wind tunnel test, re-
duce the numbers of small droplets falling into the VOF zone to mitigate computational
resources, and lead to an optimal and unique solution.
The terminal velocity of a falling rain droplet is the velocity of the droplet when the sum
of the drag force and the buoyancy force equals the downward force of gravity acting on this
rain droplet. A rain droplet with a diameter of 1 mm, reaches 95% of its terminal velocity
after falling for 0.9 s[143]. Assuming the gravitational force is equal to the friction force,
droplets in the small cloud with a diameter of less than 0.05 mm are treated as a laminar
flow based on Stokes’ law. For droplets with a diameter larger than 0.4 mm, a relationship
between the droplet diameter and the droplet’s terminal velocity has been proposed [12].
Linear interpolation is used for droplets whose diameter falls into a range of 0.05 to 0.4 mm.
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The terminal velocity vt of rain droplets vt is represented by
vt =





30.28d2 d ≤ 0.05mm
7.524(d−0.05)+0.0757 0.05mm< d < 0.40mm
10.30−9.65exp(−0.6d) d ≥ 0.40mm
Moreover, the total volume of rainwater is very small in the per volume of gas(Fig.
??(b)), and it can be regarded as the rainwater with mass while without volume in the LES
domain. Furthermore, the characteristic scale of turbulence around the rainwater droplet is
much smaller than that around the cylinder. Therefore, the influence of turbulence charac-
teristics of flow field around the rainwater droplet in the LES zone can be omitted for this
special engineering issue.
4.4.2 Transformation from the physical model to computational model
3-D direct numerical simulation(DNS) for subcritical multiphase flow of a dynamic cylinder
model is extremely complicated and time consuming. Fortunately, the rainwater morphol-
ogy evolution along the circumference of cylinder surface is mainly determined by the wind
inflow velocity and rainfall intensity [5, 13]. Moreover, the circumferentially oscillating
upper rivulet is characterized by only one dominant frequency, while with different phases
along each section of cylinder [5, 73]. Above results imply that rainwater morphology evo-
lution over a cylinder surface exists intrinsically 2-D characteristic. Additionally, the sim-
plified 2-D stationary models have been also employed to capture the rainwater morphology
evolution in most previous numerical studies [68, 67, 113, 136, 135, 16, 14, 15, 13, 134].
However, the rainfall intensity can not be taken into account in these previous 2-D models.
In this study we combine a volume-of-fluid (VOF) method in the DNS zone with a Lagrange
particle method in the LES zone to capture the rainwater morphology evolution on a cylinder
under wind and real rain conditions. In addition, the influence of rainfall intensity has been
taken into account in the present 2-D model. Although there still exist some limitations in
the 2-D model, e.g., neglecting the effects of secondary axial flow and the phase differences
along the axis of cylinder [82, 86, 73], it is still reasonable and feasible to employ the 2-D
model to investigate the rainwater morphology evolution over a cylinder surface under the
combination action of wind and rainfall.
A transformation from the physical domain in Fig. 4.2(a) to the computational domain
in Fig. 4.2(b) is performed to convert the parameters, initial conditions, and boundary con-
ditions of the 3-D inclined cylinder model to 2-D model. Here, the reduced gravity(gN) and
the reduced wind inflow velocity(UN) employed in the present 2-D model depend on the
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inclination and yaw angle of the 3-D inclined cylinder,
gN = gcosα,UN =
U cosβ
cosδ
, (4.22)
where α and β represent the incline and yaw angles, respectively. The angle between gN
andUN is Ψ, and δ +Ψ = pi/2, where
δ = arctan(sinα tanβ ). (4.23)
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(a) (b)
Fig. 4.2 Transformation from 3-D inclined cylinder to 2-D model: (a) spatial position of the
3-D inclined cylinder, and (b) the computational 2-D model.
4.4.3 Boundary conditions
The boundary conditions for wind and rain were set separately. For the wind, a Dirichlet
boundary condition was set for the left-hand boundary of the flow field at different inflow
wind velocities. An outflow boundary condition was imposed on the right-hand boundary,
and a symmetry boundary condition was imposed on the top and bottom boundaries for air
flow. For the rain, droplets were initialized on the top of the flow field at terminal velocity,
and outflow conditions were carried on the left, right and bottom boundaries. The number
of droplets depends on the simplified rain DSD. On the solid surface, a no-slip boundary
condition was employed for both, as shown in Fig. 4.1(a).
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4.4.4 Parameter selections
The basic initial parameters used in the numerical simulation study are the same as Li et
al.(2010)[70], as shown in Table 4.1. Wind tunnel tests were performed on a cylinder
model incorporating an ultrasonic transmission thickness measurement system (UTTMS).
The UTTMS developed by Li et al.(2010)[70] was capable of measuring the time dependent
spatial distribution of rainwater morphology around the surface of the cylinder subjected to
the wind.
The parameters used in the numerical 2-D model are transformed from the 3-D in-
clined cylinder [70] by Eqs.(4.22) and (4.23). Specifically, the inclination and yaw an-
gles of the cylinder are 30◦ and 22.5◦, respectively; the length and height of the compu-
tational domain(CD) are 5m and 1m, respectively; the grid level in DNS is 217(i.e., the
grid sizes are given in each direction as, δx = 2−17m and δy = 2−17m.) and the thickness
of DNS zone is 0.005m; the maximum of grid level in LES zone is 213 and the adap-
tive mesh refinement(AMR) scheme is adopted in the LES zone; and due to the AMR
scheme, each time step(∆t) satisfies the CFL constraint(U∆tδx < 1) and the maximum time
step requirement(∆tmax =10−8 s, ∆t < ∆tmax) during each time step.
Table 4.1 Basic parameters for numerical simulation of rainwater morphology evolution
Parameters Value(SI units) Parameters Value(SI units)
Gravity(g) 9.81 Inclination angle (α) 30
Rain intensity (R) 8 Yaw angle (β ) 22.5
Density of droplet (ρp) 1000 Density of air (ρ) 1.21
Viscosity of droplet (µp) 0.00000101 Viscosity of air (µ) 0.0000181
Diameter of the cylinder (D) 0.1 Surface tension (σ ) 0.0728
Length of CD (L) 5 Height of CD (H) 1
Grid level in DNS 217×217 Grid level in LES 213×213
thickness of DNS 0.005 maximum time step 10−8
4.4.5 Parameter definitions
The non-dimensional numbers(including Reduced Reynolds number ReR, Reduced Froude
number FrR, and Reduced Weber numberWeR) are defined as follows,
ReR =
ρwindUND
µwind
;FrR =
UN√
gND
;WeR =
ρwindU
2
ND
σ
(4.24)
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where ρwind , UN , and µwind are the density, velocity and viscosity of the wind. D is the
diameter of the cylinder, gN is the reduced gravity as given in the Eq. (4.22), and σ is the
surface tension coefficient. All the values of these non-dimensional parameters are shown
in Table 4.2.
Table 4.2 Non-dimensional number for numerical simulation of rainwater morphology evo-
lution
Inflow velocity Reduced Re(ReR) Reduced Fr(FrR) Reduced Weber(WeR)
Ucase1 = 6.76 42000 6.827 65.822
Ucase3 = 7.40 51000 8.230 95.639
Ucase2 = 7.72 49000 7.902 88.178
Ucase3 = 8.04 51000 8.230 95.639
Additionally, to illustrate the entire process of rain droplets slipping around the circum-
ference of the cylinder, some parameters were predefined. The numerical data at a fixed
time, ti, contain a series of characteristic points, (θ
ti
i ,h
ti
i ), and the envelope line of these
points form the contact area (CA) at time ti during the evolution process,
θ ti1 = min(θ
ti
i );θ
ti
2 = max(θ
ti
i );h
ti
min = min(h
ti
i );h
ti
max = max(h
ti
i ); (4.25)
θ tiave =
R hmax
hmin
θ tii h
ti
i dhR hmax
hmin
h
ti
i dh
;htiave =
R 2pi
0 θ
ti
i h
ti
i dθR 2pi
0 θ
ti
i dθ
, (4.26)
where θ ti1 , θ
ti
ave and θ
ti
1 represent the start, average, and end position of the CA at fixed time,
ti, respectively; and hmin, have, and hmin are the minimum, average, and maximum thickness
of the rainwater film attached on the surface of the cylinder in the CA at the fixed time ti,
respectively, as shown in Fig. 4.1(b). All the discrete points at fixed time gathering together
would compose the rainwater morphology distribution evolution characteristic curve, e.g.
the average position of the rainwater film (θave) evolution characteristic curve could be
represented by
θave =

θ t0ave,θ
t1
ave...,θ
ti
ave...,θ
tT
ave
	
, (4.27)
from t = 0 to t = T .
Based on the integral of the pressure and the viscous force distribution around the cylin-
der, the lift/drag force is defined as,
Fl =
Z 2pi
0
(−P(θ)sin(θ)+Fy(θ))dθ ;Fd =
Z 2pi
0
(−P(θ)cos(θ)+Fx(θ))dθ (4.28)
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where
CFl =
Fl
1
2ρairU
2
∞
;CFd =
Fd
1
2ρairU
2
∞
;CP =
(P−P∞)
1
2ρairU
2
∞
(4.29)
where P(θ) is the pressure distribution around the cylinder and Fy(θ) and Fx(θ) are the
viscous force distribution around the cylinder in Y and X direction, respectively; ρ is the
density of the air; andU∞ is the velocity of the wind at the left boundary.
4.4.6 Modeling limitations
A substantial amount of computational resources is needed for the 3-D direct numerical sim-
ulation(DNS) of subcritical and multiphase systems. However, both the field observations
[58, 93, 179, 180] and the wind tunnel experiments [82, 83, 81, 42, 21, 30, 51, 5, 52, 70]
indicated that the wind–rain-cylinder instability phenomenon were mainly dependent upon
the circumferentially vibrating rivulets along cylinder surface. Furthermore, the rainwater
morphology is mainly determined by wind inflow velocity [5, 13], and the circumferentially
vibrating rivulet with a dominant frequency along the axis of cylinder preserves intrinsically
2-D characteristic [5, 73]. Additionally, a more simplified 2-D model has been extended
for a thin film surrounding a cylinder subjected to gravity, wind force and surface tension
[110, 69, 68, 67, 113, 136, 135, 16, 14]. Therefore, 2-D multiscale model is thus a reason-
able and acceptable alternative to accelerate the computational process for a 3-D case in a
properer and more straightforward way compared with previous investigations. However, it
should be pointed out that the proposed model assumes homogeneity for the location, ge-
ometry, and oscillation of rainwater rivulets along the axis of the cylinder, in addition, the
effects of secondary axial flow, the phase differences along the axis of the cylinder, and the
differences between 2D and 3D turbulence effects, i.e., inverse energy cascade, are not con-
sidered in this paper. As we know, this 2-D multiscale model is not totally realistic, however,
it may be the most accurate model that can be done at the current stage of development of
numerical simulation on aerodynamic characteristics of a cylinder under the wind and the
real rain condition in the literatures.
4.5 Brief summary
This Chapter presented the principle of multiphase and multiscale model for rain–wind-
induced vibration(RWIV), which were employing a combination of fluid-dynamical ap-
proaches including direct numerical simulation(DNS), large eddy simulation(LES), volume
of fluid method(VOF) and Lagrangian Point Particle (LPP) two-way coupling method to
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capture the multiphase interface evolution along the circumference of cylinder. The nu-
merical schemes and numerical considerations were summarized, including the multiphase
incompressible Navier-Stokes equations, Lagrange point particle(LPP) advection equations,
the two way coupling term and the transformation rules between LPP and VOF-resolved
interface, the temporal discretization and spatial discretization, numerical rain model, trans-
formation from the physical model to computational model, parameters selections and defi-
nitions, and boundary conditions. Finally, the modeling limitations were discussed.

Chapter 5
Rainwater morphology and aerodynamic
characteristics of a cylinder subjected to
rain–wind-induced vibration(RWIV)
5.1 Introduction
The present Chapter numerically investigated both the rainwater morphology evolution and
the aerodynamic characteristics of a cylinder subjected to rain and wind loads. To sim-
ulate the rain effects in a more reasonable and straightforward manner than in previous
numerical investigations, this Chapter describes the observed evolution of the rainwater
morphology and the aerodynamic characteristics along the circumference of cylinder. Mi-
croscopic analysis for the evolution of rainwater morphology was conducted. From the sig-
nificant morphological features of rainwater sliding around the circumference of a cylinder,
four patterns were identified and analysed during the evolution process: collision–splashing,
accumulation–slipping, formation–breaking, and dynamic equilibrium. Additionally, four
key features of the lift force corresponding to each pattern were identified based on the aero-
dynamic characteristics of the cylinder lift force coefficient: the liquid–solid collision, the
liquid–liquid collision, the slow-compound–wave-shape process, and the sharp-compound
process. In the dynamic equilibrium state, the circumferentially periodically vibrating upper
rivulet were observed, and the dynamic upper rivulet leading to the emergence of frequency
shift phenomenon was analyzed. The numerical simulation was validated by comparing the
results with wind tunnel tests. Finally, the present study attempts to make a preliminary
clarification of the mechanism underlying this fluid structure instability phenomenon.
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5.2 Macroscopic analysis of the lift/drag force coefficient
evolution
To describe the aerodynamic effects of the rainwater film on the inclined cylinder, charac-
teristic cut-off sections were chosen for each pattern. These cut-off sections are indicated
by rectangular and elliptical zones(R/EZ) corresponding to the lift and drag force coeffi-
cient time series(as defined in the previous Chapter), respectively(Fig. 5.1). Four key fea-
Fig. 5.1 Drag and lift force coefficient time series (rectangular and elliptical zones indicate
the time intervals that are discussed in detail below.
tures of the lift force time evolution(including the liquid–solid collision, the liquid–liquid
collision, the slow-compound–wave-shape process, and the sharp-compound process, repre-
sented by zones (1), (2), (3) and (4), respectively) were analyzed corresponding to each pat-
tern: collision–splashing pattern (CSP), accumulation–slipping pattern (ASP), formation–
breaking pattern (FBP), and dynamic equilibrium state(DES).
5.3 Collision–splashing pattern
5.3.1 Rainwater morphology evolution analysis
The collision–splashing pattern is a short-duration interaction event in which rain droplets
impact on the surface of the cylinder, dash against the surface of the cylinder, and scatter
in the air, as shown in Fig. 5.2. The circles represent Lagrangian particles, the yellow
zones represent the interfaces captured by the VOFmethod, and the coloured zone represent
vortex shedding behind the cylinder. At the beginning of the period, collision between the
5.3 Collision–splashing pattern 87
(a)
(c)
(e)
(b)
(d)
(f)
Fig. 5.2 Collision–splashing pattern, red circles represent Lagrangian particles, the yellow
zones represent the interfaces captured by the VOF method and the vortex shedding behind
the cylinder at various points in time: (a) 0.439 s, (b) 0.443 s, (c) 0.447 s, (d) 0.455 s, (e)
0.465 s, and (f ) 0.475 s.
rain droplets and the solid surface is notable. When the collision pattern occurs, features
dhmax/dt < 0 and d(θ2−θ1)/dt < 0 are summarized. Initially, hmax is almost equal to the
diameter of the droplet; however, it drops sharply during the process, θ1 decreases, and θ2
increases due to the droplet lying along the solid surface; L increases gradually.
There is a critical point at dhmax/dt = 0 that divides the process into collision and splash-
ing pattern stages. After this, droplet splashing is dominant owing to momentum conserva-
tion. There are three phases of the splashing process. Initially, the main characteristics of
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Fig. 5.3 Characteristic parameters of collision–splashing pattern over time: squares, θ1;
circles, θave; triangles, θ2; diamonds,hmax; pentagons, have, at wind inflow velocity (a)U =
6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s.
this phase are dhmax/dt > 0 and d(θ2−θ1)/dt ≈ 0, i.e., hmax increases dramatically due
to droplets scattering into the air, and the difference between θ1 and θ2 increases slightly.
Then, dhmax/dt ≈ 0 and d(θ2−θ1)/dt < 0, which shows that hmax changes slightly and
CA decreases, i.e., the film is waving in the air and connecting with the wet base. Finally,
dhmax/dt < 0 and d(θ2−θ1)/dt ≈ 0, which corresponds to a sudden drop in hmax, i.e., the
film is broken from the wet base as it splashes and scatters in the air, as shown in Fig. 5.3.
However, the transition from collision to splashing pattern is dependent on wind inflow
velocity, as shown in Fig. 5.3. At wind inflow velocityU = 6.76 m/s, the transition occurs at
approximately 0.40 s (Fig. 5.3(a)), whereas as the velocity increases to 7.40 m/s, 7.72 m/s,
and 8.04 m/s, the transition occurs at approximately 0.44 s, 0.45 s, and 0.475 s (Fig. 5.3(b),
(c) and (d)), respectively. Therefore, as wind inflow velocity increases, the transition time
between collision and splashing pattern is delayed.
5.3.2 Aerodynamic characteristics analysis
The collision–splashing pattern is a short-duration interaction event in which rain droplets
impact the surface of cylinder and simultaneously collide with each other due to external
forces acting on them. Droplets behavior (i.e. collision–splashing as shown in Fig.5.2), is
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predominant during this process. The rainwater film adhering to the inclined cylinder has a
considerable effect on the average pressure coefficient distribution around the cylinder(Fig.
5.4(a)). The pressure coefficient distribution undergoes a jump in the range of (60◦,120◦)
where the droplet collides with the cylinder. The average pressure coefficient distribution,
reveals two negative pressure gradient zones(at around 60◦ and 90◦), which changed the
flow structure when the wind flowed past the inclined cylinder. The separated point is lo-
cated at around 60◦ and 90◦ from the average pressure coefficient distribution around the
cylinder. A secondary flow is formed when the wind flowed past the rainwater films, addi-
tional vortex shedding occurred behind the splashing rainwater films, and the flow structure
was characterized by separation, attachment, and separation.
(a) (b)
Fig. 5.4 Pressure distribution around the cylinder and details of the lift and drag force co-
efficient evolution. (a) Average pressure coefficient distribution around the cylinder during
the collision–splashing pattern at (0.44 s, 0.46 s); (b) The characteristic subset of the time
series for the lift and drag force coefficient evolution during the collision–splashing pattern.
The time series of the lift and drag force coefficients(Fig. 5.4(b)) reveal a sharp jump in
the lift force coefficient, caused by rain droplets colliding with the surface of the cylinder.
The velocity changed considerably in the vicinity of the droplets(Fig. 5.5(a)–(c)) during the
collision process. After the collision process, the lift force coefficient recovered gradually
due to a decrease in the effective thickness of the rainwater film(Fig. 5.5(d)–(f )).
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(b)(a)
(d)
(f)
(c)
(e)
Fig. 5.5 Vortex shedding during the collision–splashing pattern corresponding to the lift
force time series at various points in time: (a) 0.439 s, (b) 0.443 s, (c) 0.447 s, (d) 0.455 s,
(e) 0.465 s, and (f ) 0.475 s.
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(a)
(c)
(b)
(d)
Fig. 5.6 Accumulation–slipping pattern, red circles represent Lagrangian particles, the yel-
low zones represent the interfaces captured by the VOF method and the vortex shedding be-
hind the cylinder at various points in time(the red dashed circle zones represent the Lagrange
particle converts into the VOF-resolved surface based on the coupling rules as illustrated in
Section 4.2.3): (a) 0.751 s, (b) 0.757 s, (c) 0.770 s, and (d) 0.779 s.
5.4 Accumulation–slipping pattern
5.4.1 Rainwater morphology evolution analysis
In the accumulation–slipping pattern, shown in Fig. 5.6, rainwater gathers together gradu-
ally and moves around the surface of the cylinder, depending on gravity and the aerodynamic
forces on the film due to the wind. Unlike the collision–splashing pattern, the rainwater mor-
phology in the accumulation–slipping pattern is represented by a set of complicated curves,
rather than a simple curve. Therefore, a statistical method is employed to abstract the fea-
tures of the accumulation–slipping pattern.
The main features of the accumulation pattern are dhave/dt < 0 or dhave/dt ≈ 0 and
dhmax/dt > 0, implying that the height of the film increases gradually around the circum-
ference of the cylinder. The main features of the slipping pattern are dhave/dt < 0 or
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dhave/dt ≈ 0 and d(θ2−θ1)/dt > 0, representing a gradual increase in the CA of the film,
which implies the rainwater film is slipping down around the circumference of the cylinder,
as demonstrated in Fig. 5.7(a), (b), (c), and (d) at wind inflow velocities U = 6.76, 7.40,
7.72, and 8.04 m/s, respectively.
(a) (b)
(c) (d)
�
��
��
���
���
�
�
�
�
��
��
��
��
��� ��� ��� ��� ���
�
�
�
����������������
��������
�
�
��
��
���
�
�
�
��������������������
�
��
��
���
���
�
�
�
�
��
��
��
��
��� ��� ��� ��� ���
�
�
�
����������������
��������
�
�
��
��
���
�
�
�
��
�
��
��
���
���
�
�
�
�
��
��
��
��
��� ��� ��� ��� ���
�
�
�
����������������
��������
�
�
��
��
���
�
�
�
��
��
��
��
���
���
������
�
�
�
�
��
��
��
��
��� ��� ��� ��� ���
�
�
�
�
����������������
��������
�
�
��
��
���
�
�
�
��������������������
Fig. 5.7 Characteristic parameters of the accumulation–slipping pattern over time: squares,
θ1; circles, θave; triangles, θ2; diamonds, hmax; pentagons, have, at wind inflow velocity (a)
U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (c) 8.04 m/s.
5.4.2 Aerodynamic characteristics analysis
In the accumulation–slipping pattern, gravity and the aerodynamic forces of the wind acting
on the film cause rainwater to collect gradually and move around the surface of the cylin-
der(as shown in Fig. 5.6). The thickness of the rainwater film increases gradually, and the
wet surface of the rainwater film adhering to the cylinder expands along the circumference
of the cylinder. It should be pointed out that the Lagrange particle converted into the VOF-
resolved surface based on the coupling rules as illustrated in Section 4.2.3 in the red dashed
circles zones. Transition in the red dashed circles zones from Fig. 5.6(b) to Fig.5.6(c), there
exists one particles converted into the VOF-resolved surface, and the near the multiphase
interface, the adaptive mesh scheme is employed.
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(a) (b)
Fig. 5.8 Pressure distribution around the cylinder and details of the lift and drag force co-
efficient evolution: (a) Average pressure coefficient distribution around the cylinder during
the accumulation–slipping pattern at (0.751 s, 0.785 s); (b) The characteristic subset of the
time series for the lift and drag force coefficient evolution during the accumulation–slipping
pattern.
The average pressure coefficient distribution around the cylinder is shown in Fig. 5.8(a).
In contrast to the collision–splashing pattern, the pressure coefficient distribution shows
a jump around 45◦; the range of the transition jump section in the pressure distribution
around the cylinder extents to 150◦ due to an increase in the wet surface of the rainwater
film adhering to the cylinder. Additionally, two peaks occurred in the pressure coefficient
distribution along the circumference of the cylinder in the range of (45◦,150◦), leading to
some vortex shedding into the main vortices. An asymmetric separation points phenomenon
occurred–that is, the wind separated from the upper cylinder surface at around 45◦, but it
separated from the lower cylinder surface at around 300◦ due to the presence of the rainwater
film. This phenomenon thus forced the wind of the cylinder at the position of the rainwater
as the wind flowed past the cylinder.
The lift and drag force time series reveal that the lift force coefficient dropped and then
gradually recovered during the accumulation–slipping pattern, beginning at around 0.75 s
and ending at around 0.785 s(Fig 5.8(b)). During this process, vortex shedding occurred
behind the cylinder(flow structures are given in Fig.5.9(a)–(f )); the lift force dropped slowly
compared with the drop observed during the collision–splashing pattern. This discrepancy
is due to the collision of rain droplets with the wet surface at around 0.75 s(Fig. 5.9(a)–(b)).
The rainwater films adhering to the cylinder produced a delay that lessened the deformation
of the falling rain droplets.
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(b)(a)
(d)
(f)
(c)
(e)
Fig. 5.9 Vortex shedding during the accumulation–slipping pattern corresponding to the lift
force time series at various points in time: (a) 0.751 s, (b) 0.757 s, (c) 0.762 s, (d) 0.770 s,
(e) 0.779 s, and (f ) 0.785 s.
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A critical point was reached before 0.762 s when the lift force gradually dropped (be-
cause new droplets joined the rainwater film) and then gradually recovered (because the ef-
fective thickness of the rainwater film decreased) after0.762 s(Fig. 5.9(c)). A new droplet(considered
as a Lagrangian particle) falling into the DNS zone thus had the potential to collide with the
top of the cylinder(Fig. 5.9(d)). Consequently, a down up jump occurred in the lift and drag
force coefficient time series at around 0.770 s(Fig. 5.8(b)), because the droplet, converted to
liquid, was treated as a Lagrangian particle that was captured by VOF method which caused
a dramatic drop in the lift and drag force coefficient time series. Similarly, (Fig. 5.9(e) and
(f )), a new droplet collided with the wet surface in a self-similarity process(Figure 5.9(a)–
(d)). However, the droplet, falling into trailing vortex zone, only had a weak impact on the
lift force coefficient time series at around 0.78 s(Figure 5.8(b)) compared with the droplets
falling into the positions close to the separation point.
5.5 Formation–breaking pattern
5.5.1 Rainwater morphology evolution analysis
Fig. 5.10 Formation–breaking pattern. Red circles represent Lagrangian particles, the
coloured zones represent the interfaces captured by the VOF method and the vortex shed-
ding behind the cylinder.
The next stage is the formation–breaking pattern, as shown in Fig. 5.10. During the
morphological evolution of rainwater slipping down around the circumference of the cylin-
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der, an interesting phenomenon can be observed after the accumulation–slipping pattern.
Compared to the accumulation–slipping pattern, all the variables, including have, θ1, θ2, and
θave, change slightly over time, which represents the positions and the median thickness
of the rainwater films attached to the cylinder surface, except hmax, which represents the
maximum thickness of the rainwater films attached to the cylinder surface, and is sensitive
to some new droplets falling into the CA. During this process, the morphology of the film
attached to the solid surface is fixed. These films are called static rivulets. The following
features are summarized,
dx
dt
≈ 0, (5.1)
where x = (θ1,θave,θ2,have) represents the variables describing the rainwater morphology.
(a) (b)
(c) (d)
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Fig. 5.11 Characteristic parameters of formation–breaking pattern over time: squares, θ1;
circles, θave; triangles, θ2; diamonds, hmax; pentagons, have, at wind velocities (a)U = 6.76
m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s respectively.
In the formation phase, the variables remain constant in zones, and this process is called the
formation pattern. The SA of the rivulet is nearly θ1 = 60◦ and θ2 of the rivulet is nearly
θ1 = 150◦, as shown in Fig. 5.11. The position of a static rivulet is located in front of the
separation point when the Reynolds number of the airflow past the cylinder exceeds 105.
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The rivulet changes the vortex shedding structures significantly because it makes the fluid
separate from the cylinder in advance, as shown on the right of Fig. 5.10.
During the breaking pattern process, as illustrated on the left of Fig. 5.10, a new droplet
falls into the CA, hmax sharply increases, and there is a sudden drop in θ2 due to the new
droplet changing the morphology of the rivulet. The morphology of the rivulet is broken,
i.e., a breaking pattern occurs. The feature of this pattern is
dhmax
dt
= δs, (5.2)
where δs is the Dirac delta function, representing the effect on the hmax of a new droplet
falling into the CA, as shown in Fig. 5.11(a), (b), (c) and (d) at different wind inflow
velocities.
5.5.2 Aerodynamic characteristics analysis
(a) (b)
Fig. 5.12 Pressure distribution around the cylinder and details of the lift and drag force co-
efficient evolution: (a) Average pressure coefficient distribution around the cylinder during
formation–breaking pattern at (1.609 s, 1.695 s); (b) Characteristic cut-off section for the
lift and drag force coefficient evolution during the formation–breaking pattern.
During the evolution of the morphology of rainwater flowing around the cylinder, a
static rivulet appeared following the accumulation–slipping pattern. Compared with the
accumulation–slipping pattern, the values of the variables characterizing the rainwater film
(including the thickness, the wet surface area, and the position of the rainwater film) changed
only minimally over time until new droplets fell into the contact areas–that is, the film adher-
ing to the solid surface had a fixed morphology. These attached films, called static rivulets,
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have a significant effect on the aerodynamic characteristics. Although the pressure coeffi-
cient distribution around the cylinder continued to exhibit a jump when a droplet fell onto
the wet surface of the cylinder, a significant drop in the maximum peak value of the pressure
coefficient distribution was observed compared with the collision–splashing pattern and the
accumulation–slipping pattern, because the shapes and positions of static rivulets are con-
stant(Fig. 5.12(a). The asymmetrical separation points phenomenon resisted. In contract to
the accumulation–slipping pattern, four peaks occurred in the range of (60◦,210◦), demon-
strating that the evolution of the rainwater films can be categorized into four main sections
including two smaller final section.
The lift force coefficient time series shows that the lift force coefficient dropped and
recovered gradually, and then dropped and recovered again in a wave-like pattern(Figure
5.12(b)). The first trough in the lift force coefficient time series occurred at around 1.62
s, caused by an incoming new droplet. Because all variables were maintained constant by
static rivulet, the lift force dropped and recovered slowly and gradually. The emergence of
the static rivulet caused random vortex shedding near the surface of the cylinder, resulting
in a more complex flow structure compared with the previous two patterns. The second
trough in the lift force coefficient time series occurred at around 1.65 s, when another droplet
arrived. Because of the random vortex shedding, the second droplet had a significant impact
on the evolution of the lift force coefficient. This process comprised two incoming droplets.
The aerodynamic force tended toward stability, and the vortex structures near the surface of
the cylinder tended to be more complex due to the presence of the static rivulet. The lift
force had a wave-like shape in time series; it is therefore referred to as the slow-compound–
wave-shape process.
5.6 Dynamic equilibrium state
5.6.1 Rainwater morphology evolution analysis
In the dynamic equilibrium state, shown in Fig. 5.13, another interesting phenomenon hap-
pens at wind inflow velocity U = 7.72 m/s. The rainwater morphology shows regular be-
haviour, i.e., the average position, (θave), of the rainwater film oscillates periodically around
θave ∈ (60◦,80◦); and a dynamic rivulet is formed around θave ∈ (60◦,80◦), as shown in Fig.
5.15(b) and (c). The main features are summarized as
dhave
dt
≈ 0; θave(t) = g(t) (5.3)
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(a)
(c)
(b)
(d)
Fig. 5.13 Dynamic equilibrium state, red circles represent Lagrangian particles, the yellow
zones represent the interfaces captured by the VOF method and the vortex shedding behind
the cylinder at various points in time(the dashed circle zones represent the Lagrange parti-
cles convert into the VOF-resolved surfaces and the dashed rectangle zones represent the
VOF-resolved surface converts into the Lagrange particle based on the coupling rules as il-
lustrated in Section 4.2.3, respectively): (a) 3.424 s, (b) 3.432 s, (c) 3.440 s, and (d) 3.468
s.
where g(t) = g(t+T ) represents the average positions of the periodical dynamic rivulets,
and T is its period. The average thickness of the dynamic rivulets remains approximately
constant.
Next, the rainwater morphology evolution on the cylinder is discussed in detail at the
wind inflow velocity of 7.72m/s (when RWIV occurs). Then, the effect of the wind inflow
velocity will be discussed.
Recurrence of circumferentially oscillating rainwater morphology
During the dynamic equilibrium state at wind inflow velocityU = 7.72 m/s, the phenomena
of circumferentially oscillating upper rivulet, i.e., dynamic rivulet, recurs. The maximum
thickness of the dynamic rivulet hmax is in the range of (1,2)mm, and the average thickness
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have is in the range of (0.2, 0.4)mm, as illustrated in Fig. 5.14(a). The average position of
the dynamic rivulet θave is mostly within (60◦,80◦), which agrees well with that obtained in
the wind tunnel tests in Li et al.(2010)[70], as shown in Fig. 5.14(b).
(c)(b)(a)
� � � � � � ��
���
���
���
���
���
�
��
��
��
��
��
�
�
�������
���������������������������������������
� ����������������������������������
� � � � � � ��
��
��
��
��
�
��
��
��
��
�
������������������
���������������������
�������
� � � � � �
�
��
��
��
��
��
��
�������������
������������
Fig. 5.14 The characteristics of rainwater morphology evolution at the wind inflow velocity
U=7.72m/s: (a) Average thickness and maximum thickness evolution of rainwater film, (b)
average position evolution of rainwater film for numerical simulation, and (c) Single-sided
amplitude spectrum of the average positions of rainwater film.
Most importantly, it is observed that the dynamic rivulet moves periodically along the
circumference of the cylinder and the moving frequency of the dynamic rivulet coincides
substantially with the natural frequency of the cylinder at the wind inflow velocity U = 7.72
m/s. The RWIV occurs under this condition in the wind tunnel test [70], and these char-
acteristics are consistent with Cosentino et al.(2003)[30]. Furthermore, the dominant fre-
quency of the average position of the dynamic rivulet ( f=0.9765Hz shown in Fig. 5.14(c))
is consistent with Bi et al.(2014)[13] ( f=0.913Hz) at the identical wind inflow velocity U
= 7.72 m/s. Consequently, the reliability and feasibility of the proposed method for cap-
turing the main characteristics of rainwater morphology evolution at wind inflow velocity
ofU=7.72m/s(when RWIV occurs) coupled with rainfall are validated through the compar-
isons above.
It should be pointed out that the features of dynamic rivulet on a 2-D cylinder surface
obtained by the simulation agrees broadly with that on the 3-D model in the wind tunnel
test. It may be attributed to that the frequency along the axis of cylinder is unique and
identical and the rivulet frequency preserves an intrinsic 2-D characteristic [73]. However,
there still exist some differences in comparison with experimental model, which may be
attributed to that the rivulet characteristic is not only affected by the Reynolds number due
to the aerodynamics of circular cylinder sensitive to the Reynolds number, but also related
to the vibration of cylinder [30].
It should be noted that the conventional Von Karman vortex shedding frequency, evalu-
ated from Strouhal number, the diameter of cylinder model, and the wind inflow velocity as
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fv = StU/D=15.44, is not observed in the spectra of the dynamic rivulet average position,
which is consistent with previous researches [68, 67, 113, 136, 135, 16, 14, 15, 13, 134].
The Von Karman vortex shedding frequency directly obtained from the spectra of the fluctu-
ating velocity is much lower than the conventional Von Karman vortex shedding frequency
due to the occurrence of dynamic rivulet [83, 5]. However, the mechanics of frequency
shifting from the convectional Von Karman vortex shedding frequency to the Von Karman
vortex shedding frequency in RWIV is still unknown. The relationship between the fre-
quency shifting phenomena and the dynamic rivulet reoccurrence is also unclear and needs
to further investigate in future work.
Rainwater morphology evolution over the circumference of cylinder surface at various
wind inflow velocities
(c) (d)
(b)(a)
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Fig. 5.15 Rainwater morphology evolution of numerical simulation at various wind inflow
velocities: (a)U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s.
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(a) (c)
(f)
(b)
(d) (e)
Fig. 5.16 Rainwater morphology distribution compared between experimental and simula-
tion results at wind inflow velocity of U = 6.76 m/s at 4.133 s, 6.058 s, 7.022 s, 7.980 s,
9.042 s, and 10.000 s respectively, arranged from left to right from top to bottom.
(a) (c)
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Fig. 5.17 Rainwater morphology distribution compared between experimental and simu-
lation results at wind inflow velocity of U = 7.04 m/s at 3.75 s, 4.231 s, 5.959 s, 8.271 s,
8.367 s, and 9.804 s respectively, arranged from left to right from top to bottom.
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Fig. 5.18 Rainwater morphology distribution compared between experimental and simula-
tion results at wind inflow velocity of U = 7.72 m/s at 5.191 s, 6.155 s, 7.116 s, 8.077 s,
9.038 s, and 9.81 s respectively, arranged from left to right from top to bottom.
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Fig. 5.19 Rainwater morphology distribution compared between experimental and simula-
tion results at wind inflow velocity of U = 8.04 m/s at 4.567 s, 6.507 s, 7.284 s, 8.705 s,
9.126 s, and 10.000 s respectively, arranged from left to right from top to bottom.
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The average positions(θave) obtained from the numerical simulations at various wind
inflow velocities are shown in Fig. 5.15. It can be seen from Fig. 5.15 that the rainwa-
ter morphology distribution over the circumference of cylinder surface locates mainly in
(30◦,90◦) for various wind inflow velocities. The rainwater morphology distribution along
the circumference of cylinder surface is characterized by the wind inflow velocity, and ex-
hibits diverse characteristics under various wind inflow velocities conditions, from random
to regular distribution, and then oscillating periodically, then wakens and finally remitted
with the increase in wind velocities from 6.76m/s to 8.04m/s.
The positions of rainwater locate mainly (30◦,90◦), then randomly slip down from the
cylinder surface at wind inflow velocityU = 6.76 m/s, as shown in Fig. 5.15(a). However,
as the wind inflow velocity increases up to 7.40 m/s, the positions of rainwater change
regularly and sinusoidally, mainly in (45◦,90◦), as demonstrated in Fig. 5.15(b). When
the wind inflow velocity reaches 7.72 m/s, the positions of rainwater become regularly in
(60◦,80◦). This feature is further strengthened as illustrated in Fig. 5.15(c). Furthermore,
the dynamic rivulet forms and oscillates periodically along the circumference of cylinder
surface mainly in (60◦,80◦) with a dominant frequency 0.9765Hz as shown in Fig. 5.14(c)
and 5.15(c). As the wind inflow velocity increases up to 8.04 m/s, the vibration amplitude
of rainwater deceased sharply, as shown in Fig. 5.15(d). The distribution of the rainwater
morphology also presents in (60◦,80◦). However, the circumferentially vibrating rainwater
is weaken and remitted, and the rainwater morphology appears to be statically attached to
the cylinder.
The rainwater morphology profiles(represented by circles) obtained from the numeri-
cal simulations at various wind inflow velocities roughly agree with the results observed
from wind tunnel experiments(represented in triangle as shown in Fig. 5.16, 5.17, 5.18 and
5.19). The descriptions of rainwater morphology profile are categorized into three types:
the average position of rainwater, the thickness of rainwater, and the topological shape of
rainwater attached on the cylinder. From Fig. 5.16, 5.17, 5.18 and 5.19, the average posi-
tions of rainwater obtained from the numerical simulations agree well with the wind tunnel
experimental results [70]. The thickness and topological shape of rainwater attached on
the cylinder broadly agree with wind tunnel experimental results, which may be attributed
to that both the wind tunnel experiments [70] and the present numerical simulations can
capture the mechanism of the rainwater morphology evolution across the circumference of
cylinder surface, and the rainwater morphology evolution along the circumference of cylin-
der is mainly determined by the wind inflow velocities [5]. It should be pointed out that
there exist some differences between numerical simulations and the wind tunnel experi-
mental results at each wind inflow velocity(as shown in Fig. 5.16(a), 5.17(d), 5.18(c) and
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5.19(d) etc.), especially for the thickness and topological shapes of rainwater. The thickness
and topological shape differences between numerical simulations and wind tunnel experi-
ments are mainly attributed to three reasons. Firstly, the rainwater morphology evolution
across the circumference of cylinder is mainly determined by the wind inflow velocity[5],
i.e., when the wind inflow velocity is 6.76m/s, the rainwater morphology preserves random
and nondeterminacy state(Fig. 5.15(a)), and the physical uncertainty would preserves the
thickness and topological shape differences. Secondly, high nonlinear and complicated mul-
tiphase interface can be captured in numerical simulations based on VOF method, while the
thinnest thickness of rainwater from the circumference of cylinder surface can be measured
through UTTMS in wind tunnel experiments. Consequently, the inversion methodology can
contribute to the thickness and topological shape differences of rainwater profiles at fixed
time point during the rainwater morphology evolution process. Finally, the modeling lim-
itations may attributed to these differences, due to ignorance of the secondary axial flow
along the cylinder, which may cause these differences. However, with the increase in wind
inflow velocities from 6.76m/s to 8.04m/s, the rainwater morphology exhibits from random
to regular distribution, and then oscillating periodically, then wakens and finally remitted,
and these differences significantly reduce(as shown in Fig. 5.16, 5.17, 5.18 and 5.19), i.e,
the rainwater morphology evolution over the cylinder surface is mainly determined by the
wind inflow velocity, consistent with Alam and Zhou(2007) [5].
Consequently, the rainwater morphology evolution over the circumference of cylinder
surface exhibits diverse characteristics under various wind inflow velocities, which is also re-
ported by Li et al.(2010)[70], Alam and Zhou(2007)[5], and Bi et al.(2014)[13]. Therefore,
the reliability and feasibility of the proposed numerical method are further validated.
5.6.2 Aerodynamic characteristics analysis
The features of rainwater morphology evolution during the dynamic equilibrium state has
been clarified[26] and given in Fig.5.13. It should be noted that the Lagrange particles
convert into the VOF-resolved surface(as illustrated in the red dashed circle zones from
Fig.5.13(a) to Fig.5.13(b) and from Fig.5.13(c) to Fig.5.13(d)), when the rain particles ap-
proach to the DNS zones(based on the coupling rules as introduced in the previous Chapter).
Additionally, the VOF-resolved surface converts into the Lagrange particle(based on the cou-
pling rules as illustrated in Chapter 4), when the small droplets are far away from multiphase
interface(in the dashed rectangle zone from Fig.5.13(b) to Fig.5.13(c)).
The average pressure coefficient distribution around the cylinder of the whole dynamic
equilibrium state process reveals several jumps(denoted by circles), which represent the
main effects of the dynamic rivulets(Fig.5.20(a)). The average pressure coefficient distri-
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(a) (b) (c)
Fig. 5.20 (a) Time-averaged pressure coefficient distribution around the cylinder during the
dynamic equilibrium state; (b) Characteristic cut-off section of the lift and drag force coeffi-
cient during the dynamic equilibrium state; and (c) Single-sided amplitude power spectrum
of the lift force.
bution shows two main negative pressure gradient zones–that is, the wind flowing past the
cylinder had a high possibility of separating from the cylinder at the negative pressure gradi-
ent zones. The negative pressure gradient zones provide the prerequisite for the emergence
of upper rivulet. For the subcritical Reynolds regimes, the flow pattern is the laminar sepa-
ration, transition, reattachment and turbulent separation of boundary layer [1, 10, 97]. Due
to the emergence of rivulet, the flow pattern shifts to turbulent separation of boundary layer
and the wind separates from the cylinder directly. As the decreasing of the thickness of rain-
water film, the effects on the turbulent flow of the rivulets decline, the flow pattern transfer to
the laminar separation, transition, reattachment and turbulent separation of boundary layer,
and the separation moves to the rear of cylinder. Consequently, the separation would vibrate
due to the emergence of rivulet, and the separation vibrating along the circumference of
cylinder would lead to the circumferentially vibrating negative pressure gradient zone. The
circumferentially vibrating negative pressure gradient zone may cause the circumferentially
periodically vibrating upper rivulet.
The lift and drag force coefficient dropped sharply and recovered gradually(Fig. 5.20(b)).
At around 3.424 s, a droplet collided with the solid surface (Fig. 5.21(a)); at 3.44 s (Fig.
5.21(c)), another droplet collided with the solid surface( Fig. 5.21). The time series of lift
force coefficient during the dynamic equilibrium state consists of a random assembly of the
liquid–solid collision and the liquid–liquid collision. Irregular Vortex shedding occurred
near the cylinder (Fig. 5.21(a)–(d)). The morphology of the dynamic rivulet morphology is
presented in detail in Fig. 5.21(a)–(d)(right side).
It should be pointed out that the spectrum of the lift force coefficient shows a dominant
frequency of 2.59 Hz (Fig.5.20(c)) during the dynamic equilibrium state. The conventional
Von Karman vortex shedding frequency is fv = StU/D=15.44Hz, with St = 0.2 when the
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(a) t = 3.424s
(b) t = 3.432s
(c) t = 3.440s
(d) t = 3.468s
Fig. 5.21 Vortex shedding during the dynamic equilibrium state and dynamic rivulet distri-
bution near the surface of the cylinder in the DNS zone at various times for a inflow wind
inflow velocity ofU = 7.72m/s.
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wind flows past the cylinder in subcritical Reynolds regimes [70], is not observed in the
spectra of the lift force coefficient. The vortex shedding frequency in the wake flow shifts
to a much lower value(2.59 Hz), which may be attributed to the emergence of circumferen-
tially vibrating upper rivulet. The circumferentially vibrating upper rivulet with the domi-
nant frequency( f=0.9765Hz) locates near the separation point [26], and it would lead to a
dramatic change of the dominant frequency of Von Karman vortex shedding. Furthermore,
this circumferentially vibrating upper rivulet frequency locks with the Von Karman vortex
shedding frequency. These aerodynamic characteristics and frequency shift phenomenon
are validated by wind tunnel experiments [83, 5].
5.7 Brief summary
A simulation of the entire process of rain falling onto a cylinder subjected to wind is pre-
sented based on a two-way coupling Lagrangian particle approach combined with a VOF
method. The simulation results agree relatively well with previous results from the related
studies.
In the entire process of rain dropping, we distinguish four different patterns: collision–
splashing, accumulation–slipping, formation–breaking, and dynamic equilibrium. The main
feature of the collision pattern is a dramatic drop in hmax, which increases during the scat-
tering and waving phase of the splashing pattern, and decreases as the film breaks away
from the wet base. One of the main features of the accumulation pattern is an increase in
have, which finally drops during the slipping pattern due to an increase in the contact area.
In the formation pattern, a significant feature is that all variables remain constant, and a
static rivulet is formed in front of the separation point. Finally, we observe a sharp jump
in have and hmax when the breaking pattern starts. The dynamic equilibrium state is char-
acterized by the formation of dynamic rivulets along the circumference of cylinder surface.
The position and thickness of the dynamic rivulet are θave ∈ (60◦,80◦) and have ∈ (0.2mm,
0.4mm) at U = 7.72m/s. The dynamic characteristics of rivulet is that it oscillates period-
ically along the circumference of cylinder surface with a dominant frequency f = 0.9765
Hz. Furthermore, the rainwater morphology evolution over the circumference of cylinder
surface is characterized by the wind inflow velocity, and exhibits diverse morphological
characteristics under various wind inflow velocities.
The entire evolution process was summarized and analyzed. To describe the main char-
acteristics of the lift force, four key features were categorized: liquid–solid collision, liquid–
liquid collision, slow-compound–wave-shape, and sharp-compound process corresponding
to each pattern, i.e., collision–splashing, accumulation–slipping, formation–breaking, and
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dynamic equilibrium state. During the dynamic equilibrium state, the circumferentially pe-
riodically vibrating upper rivulet with a dominant frequency attributed to that the flow pat-
tern transferred from between the laminar separation, transition, reattachment and turbulent
separation to direct turbulent separation from the cylinder. The upper separation point os-
cillating forcibly and synchronously with the circumferentially periodically vibrating upper
rivulet dramatically and consequently changed the Von Karman vortex shedding structure,
and shifted the convectional Von Karman vortex shedding frequency to a much lower value.

Chapter 6
Conclusions and Recommendations
6.1 Conclusions
To develop a systemic numerical framework, including the separated model(SM), the semi-
coupled model(SCM), the coupled model(CM), and multiphase multi-scale model(MMM),
to simulate the two key phenomena, circumferentially vibrating upper rivulet and Von Kar-
man vortex shedding frequency shift, in high-resolution numerical scheme when the RWIV
occurs, and to explore the mechanism of rain–wind-induced vibration(RWIV), the numeri-
cal investigations, including SM, SCM, CM, andMMM, have been investigated. Followings
are the main conclusions drawn from these investigations:
(1) The separated model was implemented to investigate the effects of the artificial
rivulet positions along the circumference of stay cable on the vortex shedding structure
near the wake of the cable, pressure distribution around the cable, and Von Karman vortex
shedding frequency shift. Investigations indicated the positions of artificial rivulets along
the circumference of cable affected significantly and remarkably the flow structure and sep-
aration characteristics when the cable are in subcritical Reynolds regimes: the flow pattern
was laminar separation, transition, reattachment and turbulent separation from the cable sur-
face when the artificial rivulet positions placed ahead the separation point; the flow pattern
transferred to direct turbulent separation from the cable surface when the artificial rivulet
positions placed behind the separation point. However, the positions of artificial rivulet ex-
tremely weakly affect on Von Karman vortex shedding frequency near the wake of cable,
when the cable is at static.
(2) The semi-coupled model was conducted to investigate the rainwater morphology
evolution when RWIV occurred. Investigations indicated two rivulets were formed sym-
metrically near the separation point along the circumference of cable, when the cable was
in the subcritical Reynolds regimes, the upper rivulet was observed around 60◦, and the
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lower rivulet was captured around 300◦. However, both the circumferentially vibrating up-
per rivulet and the frequency shift phenomena accompanying RWIV were not solved and
explained detailedly and clearly by the SCM investigations due to the modeling limitations.
(3) Volume-of-fluid(VOF) method combined with incompressible Navier-Stokes equa-
tions was employed in the CM to investigate the rainwater morphology evolution and the
aerodynamic characteristics of the cable. Both the high-nonlinear rainwater rivulets evo-
lution along the circumference of cable and the aerodynamic characteristics of cable were
analyzed detailedly and systematically. The results indicated the rainwater rivulet were
formed near the separation points along the circumference of cable; the negative pressure
zone along the circumference of cable provided a prerequisite for the formation of upper
rivulet; the circumferentially vibrating upper rivulet were observed and considerably af-
fected the flow structure and the vortex shedding near the wake of cable. However, the
computational efficiency is reduced as the smaller droplets scattering in the surrounding air,
furthermore, the assumptions, surrounding the stay cable with the constant volume of rain-
water, can not reflect the real physical conditions (i.e., rain infall process) and can not obtain
the real aerodynamic force from physical aspect.
(4) Multiphase multi-scale model(MMM), employing the Direct Numerical Simulation
(DNS) near the cable surface, where the rain droplets were treated as a fully resolved phase
using the Volume-of-Fluid (VOF) method to capture the liquid–gas interface, in combina-
tion with Large Eddy Simulation (LES) adjacent to DNS zone far from the cable surface,
where rain droplets were considered as Lagrangian Point Particles (LPP), and the effects
of the dispersed phase on the continuous phase was captured imposing a source term in the
momentum equation, was implemented. Additionally, a proposed numerical rain model was
incorporated into MMM to approximate the natural rain from physical aspect and reduce the
computational resource from numerical aspect. Investigations indicated the rainwater mor-
phology evolution along the circumference of cable was categorized into four patterns over
the analysis of the entire evolution process: collision–splashing, accumulation–slipping,
formation–breaking, and dynamic equilibrium. Furthermore, the rainwater morphology
evolution over the circumference of cylinder surface was characterized by the wind inflow
velocity, and exhibited diverse morphological characteristics under various wind inflow ve-
locities. During the dynamic equilibrium state, both the circumferentially vibrating upper
rivulet and Von Karman vortex shedding frequency shift phenomena were validated and clar-
ified. The dynamic rivulets oscillated periodically along the circumference of cable surface
with the position (θave ∈ (60◦,80◦)), the thickness (have ∈ (0.2mm, 0.4mm)), and a domi-
nant frequency ( f = 0.9765 Hz) at the specified wind inflow velocity (U = 7.72m/s). The
circumferentially periodically vibrating upper rivulet with a dominant frequency attributed
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to that the flow pattern transferred from between the laminar separation, transition, reattach-
ment and turbulent separation to direct turbulent separation from the cable surface. The
upper separation point oscillating forcibly and synchronously with the circumferentially pe-
riodically vibrating upper rivulet dramatically and consequently changed the Von Karman
vortex shedding structure, and shifted the convectional Von Karman vortex shedding fre-
quency to a much lower value.
6.2 Recommendations
Although a significant progress has been made in this dissertation to investigate the mech-
anisms of rain–wind-induced vibration of stay cable, there remain some important issues
deserving further studies to enhance the further understanding of rain–wind-induced vibra-
tions of stay cables in cable-stayed bridges.
(1) The separated model involved in this thesis only considered the rigid stay cable with
fixed artificial rivulet in 2D calculations. The 3D numerical investigations on static/motive
stay cable with a motion/stationary artificial rivulet should be carried out in future study, to
clarify the relationship between the artificial rivulets positions and the Von Karman vortex
shedding frequency shift phenomenon, when the rain–wind-induce vibration occurs.
(2) The 2-D numerical model is established based on the assumption that the location
and geometry of rainwater rivulet along the axis of cable are homogenous, and the secondary
axial flow, three dimensional nature of wind-cable environment, and the oscillating cylinder
effects on the rainwater morphology evolution are ignored. Under these assumptions, the
inhomogeneities of the locations and geometries of the rainwater rivulets along the axis
of cylinder can not be captured and observed. In addition, the secondary axial flow, three
dimensional nature of wind-cable environment, and the oscillating cylinder effects on the
rainwater morphology evolution can not be obtained. The effects of above model limitations
on the rainwater morphology evolution over the circumference of cable surface need to
further investigate in future work, and the 3-D computational MMM should be carried out
to clarify the mechanism of RWIV.
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